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Los parámetros enzimáticos del metabolismo de la aflatoxina B1 (AFB1) en aves de pro-
ducción como el pollo, la codorniz, el pavo y el pato se encuentran relacionados con la
tolerancia los efectos tóxicos de esta micotoxina. El pato (especie sensible) produce la mayor
cantidad de AFB1-8,9-epó xido (AFBO) y AFB1 dihidrodiol (AFB1-dhd). El AFBO es la
forma bioactiva genotóxica de la AFB1, ya que genera aductos con guanina. La hidrólisis
espontánea del AFBO produce AFB1-dhd, el cual de manera dependiente del pH sufre un re-
arreglo a AFB1 dialdeh́ıdo. El dialdeh́ıdo genera aductos con la lisina de las protéınas y por
consiguiente, citotoxicidad. La reducción del dialdeh́ıdo ocurre por medio de la enzima en-
zima aflatoxina B1 aldeh́ıdo reductasa (AFAR), la cual produce AFB1 monoalcohol y AFB1
dialcohol (productos de detoxificación). Se observó que el pavo (sensibilidad intermedio) y
el pollo (resistente) tienen la mayor actividad AFAR. La producción de aflatoxicol (forma
reducida de la AFB1) permite a especies más resistentes como el pollo, la codorniz y el pavo
evitar la epoxidación de la AFB1, es decir, la producción de AFBO. La simulación in silico
demostró que el pato es el que más produce aductos con guanina y lisina, a diferencia de
las otras especies, lo cual explica por que el pato es la único especie que desarrolla hepatoci-
noma, además de signos severos. Al parecer, la AFB1 dialdeh́ıdo es eliminada como dialcohol.
Palabras clave: Aflatoxina B1, aflatoxicol, aflatoxina B1 póxido, aflatoxina B1 dihi-
drodiol, aflatoxina B1 dialdeh́ıdo, aflatoxina B1 monoalcohol, aflatoxina B1 dialcohol,
aducto AFB1-Gua, aducto AFB1-Lys
x
Abstract
Enzymatic paraters of in vitro metabolism of aflatoxin B1 (AFB1) in chicken, quail, tur-
key and duck are related to resistance to AFB1 toxic effects. Duck, a highly sensitive species,
produce the higher ammount of AFB1-8,9-epoxide (AFBO) and AFB1 dihydrodiol (AFB1-
dhd). AFBO is the bioactivated genotoxic form of AFB1 and can adduct guanine nucleotides
in DNA. Spontaneous hydrolisis of AFBO produces AFB1, which in turns rearranges in a
pH dependent manner to AFB1 dialdehyde. AFB1 dialdehyde adducts lysine in proteins
and therefore leads to cytotoxicity. Enzymatic reduction of AFB1 dialdehyde occurs through
aflatoxin B1 aldehyde reductase (AFAR) enzyme and products of this enzyme activity are
AFB1 monoalcohol and AFB1 dialcohol (detoxifying products). It was observed that turkey
(intermediate sensitive) and chicken (resistant species) possess the highest AFAR activity.
In regards of aflatoxicol (reduced form of AFB1) production, it is related to more resis-
tance species like chicken, quail and turkey, as way to avoid AFB1 epoxidation, meaning
that AFBO is produced at lower rates. In silico simulation demonstrated that duck species
produce the higher amount of guanine and lysine adducts, in contrast to the other poultry
species studied. This fact explains why duck is the only species that develop hepatocarcino-
ma and severe adverse effects. Apparently, AFB1 dialdehyde is eliminated as AFB1 dialcohol.
Keywords: Aflatoxin B1, aflatoxicol, aflatoxin epoxide, aflatoxin B1 dihydrodiol, aflato-
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3. Caṕıtulo 2: An unusually high production of hepatic aflatoxin B1-dihydrodiol,
the possible explanation for the high susceptibility of ducks to aflatoxin B1 20
3.1. Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3. Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.3.1. Reagents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.3.2. Microsomal fraction processing . . . . . . . . . . . . . . . . . . . . . 22
3.3.3. Microsomal incubations . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3.4. Chromatographic conditions (HPLC) . . . . . . . . . . . . . . . . . . 23
3.3.5. Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.4. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
xii Contenido
3.5. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
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tivas entre especies (p <0,05) utilizando la prueba de Kolmogorov-Smirnov.
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de las pendientes presentó diferencias significativas (p <0,05) entre especies,
excepto para las dos estirpes de pollo, por medio de un análisis de covarianza
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1. Introducción
Las micotoxinas son metabolitos secundarios producidos por diferentes grupos de hongos,
principalmente de los géneros Fusarium sp., Aspergillus sp. y Penicillium sp, que generan
efectos adversos en animales y humanos. Los hongos que producen micotoxinas se conocen
como hongos micotoxigénicos y pueden crecer en diferentes sustratos como cereales, nueces
y semillas oleaginosas. La aparición de hongos micotoxigénicos está asociada generalmente
con climas cálidos y húmedos, la estacionalidad local y las condiciones climáticas para cada
año [59]. La susceptibilidad de un cultivo al crecimiento de hongos micotoxigénicos depende
de factores ambientales como la temperatura y la humedad, el daño mecánico hecho al grano
por insectos y aves, y por factores de la cosecha como la madurez del cultivo, la humedad del
sitio de almacenamiento y la humedad del grano [30]. Dentro de las micotoxinas conocidas se
encuentran las fumonisinas, acido ciclopiazónico, tricoticenos, alcaloides ergot y las aflato-
xinas. Las aflatoxinas (AF) son difuranocumarin-ciclopentanonas (Fig. 1-1) [9] producidas
principalmente por especies del género Aspergillus como A. flavus y A. parasiticus. Estas
especies pueden producir cuatro tipos de AF: la aflatoxina B1 (AFB1), la AFG1, la AFB2
y la AFG2, donde A. flavus produce solamente AFB1 y AFB2 en proporciones cercanas al
95 % y al 5 % respectivamente, mientras A. parasiticus produce los cuatro tipos de aflatoxi-
nas en proporciones cercanas al 45 % para la AFB1 y la AFG1 y del 5 % para la AFB2 y la
AFG2 [224]. También existen otras especies productoras de AF dentro de este género como
A. nominus y A. pseudonominus [219, 218]. De las cuatro AF sintetizadas, la AFB1 posee
el mayor potencial mutagénico, seguida de la AFG1 con un 50 % de mutagenicidad respecto
a la AFB1, la AFB2 con un 20 % y la AFG2 con un 10 % [16, 227]. La AFB1 ha sido clasi-
ficada dentro del grupo I de compuestos carcinogénicos según la Agencia Internacional para
la Investigación en Cáncer [98] debido la asociación que se ha encontrado entre el consumo
de AFB1 en el alimento y la aparición de carcinoma hepatocelular tanto en humanos como
en animales.
La investigación sobre aflatoxinas y su impacto en aves de corral se inició en el año 1960
cuando una importación de torta de cacahuete del Brasil al Reino Unido causó la muerte de
más de 100.000 pavitos, evento que se conoció como la “Enfermedad X de los pavos”[20]. Años
después se encontró que el agente causal de esta intoxicación era un grupo de compuestos
no descritos con anterioridad, que luego se denominaron aflatoxinas, por ser el hongo A.
flavus su principal productor [8, 235]. La aflatoxicosis (intoxicación por aflatoxinas) aguda
produce signos como depresión, anorexia, ictericia y hemorragias en el animal intoxicado.
La exposición crónica se manifiesta en la reducción en la ganancia de peso, reducción en el
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Figura 1-1.: Estructura qúımica de las cuatro aflatoxinas producidas por el género Asper-
gillus spp.
consumo de alimento, reducción en la conversión de alimento y en ganado vacuno menor
producción de leche [44]. En aves de interés comercial se ha establecido que la sensibilidad a
las aflatoxinas, especialmente la aflatoxina B1 (AFB1) es mayor en especies como el pato o el
pavo, intermedia en la codorniz y muy baja en el pollo. Por esto se ha planteado el siguiente
trabajo de investigación, con el ánimo de determinar las rutas de biotransformación hepática
que permita exclarecer por qué exiten estas diferencias entre estas especies.
2. Caṕıtulo 1: Efecto de las aflatoxinas
sobre la salud y la producción en aves
de corral
Desde la “Enfermedad X de los pavos”[20] en los años 60, se han desarrollado diferentes
investigaciones que han buscado comparar los efectos de las aflatoxinas en la producción
de aves de interés comercial. Uno de los primeros estudios donde se compara el efecto del
consumo de alimento contaminado con aflatoxinas en pollos, patos y pavos es el realizado
por Muller y colaboradores en el año de 1970 [151]. La administración de niveles de hasta
4 mg/kg de AF en el alimento a pollos de un d́ıa de edad durante dos semanas resultó en
una reducción del 13.4 % del peso corporal respecto al control, mientras en patos y pavos
se presentó la muerte del 100 % de los animales luego de dos semanas de consumo de 2
mg/kg de AF. La susceptibilidad a las aflatoxinas, especialmente la AFB1 es variable entre
especies, con valores de dosis letal 50 (DL50) de 0.36 mg/kg para pato, 3.2 mg/kg para
pavo y 18.0 mg/kg para pollo [32]. El principal órgano afectado por el consumo de AF es
el h́ıgado, donde se pueden encontrar alteraciones como hiperplasia de los ductos biliares,
h́ıgado graso y en algunas especies aparición de tumores. La toxicidad de la AFB1 radica
en los procesos de biotransformación principalmente a través de las enzimas citocromo P450
(CYP). Estas enzimas son capaces de oxidar la AFB1 a su forma epóxido (AFBO), el cual se
puede encontrar en dos formas estereoisoméricas: la AFB1-endo-8,9-epóxido y la AFB1-exo-
8,9-epóxido, donde solo la forma exo es altamente reactiva con el DNA produciendo aductos
con el nitrógeno en posición 7 de la base nitrogenada de la guanina [77, 52]. La producción
de aductos con el DNA altera la estructura de la molécula, generando mutaciones [78] como
la transversión G → T en el codón 249 del gen p53 de hepatocitos humanos [3].
2.1. Efectos del consumo de alimento contaminado con
aflatoxinas en aves de corral
2.1.1. Pollos y gallinas (Gallus gallus ssp. gallus)
Existen numerosos reportes sobre la alteración de los parámetros de producción en pollos y
gallinas debida al consumo de AF en el alimento. Hamilton y Garlich [80] encontraron que
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el consumo de AFB1 en concentraciones mayores a 2.5 mg/kg en el alimento aumenta el
contenido liṕıdico del h́ıgado (śındrome de h́ıgado graso). Otra investigación realizada con
una concentración de 8.1 mg/kg de AF en el alimento en gallinas ponedoras desarrolló atresia
folicular en el ovario, afectando la calidad y producción del huevo [79]. Es importante resaltar
que la concentración de aflatoxinas en alimento contaminado de manera natural no genera
efectos en el pollo, es decir, la exposición a aflatoxinas de manera general dificilmente produce
signos cĺınicos de aflatoxicosis [168]. En la tabla 2-1 se resumen los estudios relacionados con
el efecto del consumo de diferentes concentraciones de aflatoxinas totales en la producción y
peso del huevo en gallinas. En la tabla 2-2 se resume los estudios realizados respecto al efecto
del consumo de AF en la ganancia de peso y consumo de alimento. Los resultados de estos
estudios demuestran que por lo menos se requiere de 2000 µg/kg para afectar los parámetros
de producción en pollos y gallinas, demostrando aśı su gran resistencia a las aflatoxinas.
Respecto al riesgo de contaminación con AFB1 en la carne o en el huevo, Hussain y colabora-
dores [95] encuentran residuos de AFB1 en h́ıgado de 6.97 ± 0.08 ng/g luego del suministro
de 6400 µg/kg de AF en el alimento por una semana, en aves de siete d́ıas de edad. Herzallah
[88] experimentando con gallinas ponedoras raza Hubbard de 23 semanas alimentadas con
concentraciones de 895 µg/kg de AF por dos semanas, encontró un máximo de 1.59 ± 0.14
µg/kg de AFB1 en el h́ıgado, mientras en el huevo, las v́ısceras y la carne del animal se en-
contraban concentraciones menores. Amirkhizi y colaboradores [6] realizando muestreos de
h́ıgados y huevos en supermercados de Tabriz (Irán) reportaron una concentración máxima
de AFB1 en el h́ıgado de 16.36 µg/kg, mientras en huevos alcanzaba un valor máximo de
2,35 µg/kg. Como se observa, en todos los casos la cantidad encontrada de AFB1 en carne
y huevo se encuentran por debajo del nivel máximo permitido en la mayoŕıa de los páıses
que cuentan con normatividad respecto a los niveles de AF en alimento [57, 231, 184]. En la
tabla 2-3 se presentan otros estudios relacionados con la presencia de residuos de AFB1 en
huevo, musculo, h́ıgado y riñón de pollos. Se observa que solo a concentraciones mayores a
6400 µg/kg se encuentran residuos de AF detectables y cuantificables.
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2.1.2. Codornices (Coturnix coturnix japonica).
Dentro de los estudios realizados sobre los efectos de las AF en los parámetros de producción
en codornices, se encuentra el realizado por Marks y Wyatt [137]. En esta investigación se
halló que el consumo de alimento contaminado con 5 mg/kg de aflatoxinas en animales de
cuatro semanas de edad por un periodo de tres semanas redujo significativamente la ganancia
en peso. La administración de 10 mg/kg de aflatoxinas en el alimento durante el mismo
periodo de tiempo generó una mortalidad del 22 %. Ruff y colaboradores [191] encontraron
que el peso corporal se redućıa en un 14.2 % y en un 3.8 % en codornices raza Bobwhite
y Japonesa de un d́ıa de edad, respectivamente, luego de dos semanas de consumo de 2.5
mg/kg de AFB1 en el alimento durante tres semanas. También se reporta una mortalidad
del 25 % en la raza Bobwhite después de tres semanas de consumo de 2.5 mg/kg de AFB1
y del 27.5 % con el consumo de 5.0 mg/kg de AFB1 durante el mismo periodo de tiempo.
Respecto a alteraciones del h́ıgado se encontró que en el 52 % de las aves raza Bobwhite y en
el 20 % de las aves raza Japonesa alimentadas con 5.0 mg/kg de AF en el alimento sufŕıan
de h́ıgado agrandado. Oliveira y colaboradores [165] encontraron que el consumo de 100
µg/kg de AFB1 en el alimento por 90 d́ıas en codornices de siete semanas de edad produćıa
una mortalidad de aves del 3.1 %. Respecto a los residuos de AFB1 en tejidos del animal,
se encuentra el estudio de Magnoli y colaboradores [130] quienes reportan la presencia de
trazas de AFB1 (0.3 ng/g) en el h́ıgado de codornices de cinco semanas a las que se suministró
alimento contaminado con 500 µg/kg de AFB1 por seis semanas. En la tabla 2-4 se resumen
los estudios sobre los efectos del consumo de aflatoxinas totales en parámetros como peso del
huevo y producción de huevo en codornices. Estos resultados demuestran que, a diferencia
del pollo, el consumo de alimento contaminado con AFB1 en concentraciones mayores a 400
µg/kg de AFB1 en la dieta desarrolla efectos y signos significativos en los parámetros de
producción y en la mortalidad.
10
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2.1.3. Pavos (Meleagris gallopavo).
A diferencia del pollo o la codorniz, donde se requieren cantidades de AFB1 de 2000 o 400
µg/kg respectivamente, para afectar los parámetros de producción y observar signos de into-
xicación, en los pavos se encuentra una sensibilidad mucho mayor a los efectos de la toxina.
Witlock y Wyatt [225] encontraron que el consumo de una dieta contaminada con 500 µg/kg
de aflatoxinas por tres semanas en pavitos de un d́ıa de edad causa la muerte del 8.7 % de los
animales utilizados en el estudio. Giambrone y colaboradores [67] administrando cápsulas que
conteńıan AF en concentraciones equivalentes a 500 µg/kg en alimento durante dos semanas
reportan un 100 % de morbilidad en los animales bajo estudio. Kubena y colaboradores [121]
reportan una mortalidad del 88 % en pavitos alimentados con 1 mg/kg de aflatoxinas en el
alimento por tres semanas y posteriormente utilizando alimento contaminado con 750 µg/kg
de AF en pavos de un d́ıa por tres semanas reportan una mortalidad del 17 % [120]. Estos
resultados demuestran que en los pavos se requieren concentraciones de AF de máximo 500
µg/kg para producir signos de intoxicación. Mientras la mortalidad en pollos y codornices
a 500 µg/kg es nula, en pavos se presentan casos fatales. La tabla 2-5 resume los estudios
relacionados con la administración de diferentes concentraciones de aflatoxinas totales en la
dieta y su efecto en el peso corporal y del h́ıgado.
12
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2.1.4. Pato Pekin (Anas platyrhynchos ssp. domesticus), Alabio
(Anas platyrhynchos ssp.borneo) y Mule (Anas platyrhynchos x
Cairinia moschata).
El pato, a diferencia del pollo, la codorniz y el pavo, presenta la mayor sensibilidad alconsumo
de AFB1. También es la única especie que desarrolla hepatocarcinoma y tumores hepáticos
por el consumo de esta micotoxina. Los estudios han demostrado como la administración de
una dosis de 41 µg AFB1/kg de peso corporal a patos Peḱın durante seis meses, ocasiona
el desarrollo de células hepáticas anómalas y tumores hepáticos [123]. En el estudio de
Ostrowski-Meissner [143] donde se suministró una concentración en el alimento de 50 µg/kg
de AFB1 por dos semanas a patos raza Old Alabio de 14 d́ıas se encontraron anomaĺıas en
la coloración del h́ıgado, el cual se observaba pálido en el 70 % de las aves del estudio o
se tornaba verde en el 10 % de los animales. En ensayos con paticos de un d́ıa de edad, a
los cuales se administró una dosis de 200 µg/kg de AF durante 60 d́ıas o una dosis de 100
µg/kg de AF durante 28 d́ıas, se encontró que en ambos ensayos los animales desarrollaban
carcinoma hepático y daños severos en el h́ıgado como inflamación, amiloidosis y proliferación
de los conductos biliares, signos que se hacen más severos por la presencia del virus de la
hepatitis B [33, 216]). En relación con la mortalidad, se ha reportado que el consumo de 23
mg/kg de AF en alimento en paticos de un d́ıa de edad o de 3 mg/kg de AFB1 en patos de
cinco d́ıas de edad produce un 100 % de mortalidad. Inclusive, el consumo de concentraciones
mucho más bajas, como 190 µg/kg de AF en el alimento causa la muerte en algunos animales
[19, 101]). Con estos resultados se puede concluir que los pollos son una especie av́ıcola de
producción extremadamente resistente, que requiere de al menos 5000 µg/kg para presentar
śıntomas, mientras la codorniz presenta signos con 500 µg/kg. En el caso de especies sensibles,
en el pavo se encuentra que 500 µg/kg es una concentración elevada que causa la muerte de
algunos animales, mientras concentraciones de por lo menos 20 µg/kg afecta los parámetros
de producción en el pato. La tabla 2-6 presenta las investigaciones hechas con patos y el
efecto del consumo de aflatoxinas totales en el peso, consumo de alimento y el peso del
h́ıgado.
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2.2. Impacto económico de la contaminación por
aflatoxinas
Debido al gran número de variables involucradas en la aparición de hongos aflatoxigénicos
y en la producción de AF, la estimación de las pérdidas ocasionadas por la contaminación
con AF se ha hecho a partir de modelos matemáticos. Dentro de estas variables relacionadas
se encuentran el cambio climático, que afecta las condiciones medioambientales en las que
crecen los hongos micotoxigénicos. Las predicciones apuntan en el futuro a un aumento de
la contaminación de cultivos de máız por AF en páıses como Italia, España o en la región
de los Balcanes, debido al cambio de clima [60]. La contaminación con AF ha planteado el
uso de alimentos alternativos para alimentar animales de granja. Debido a que algunas de
estas nuevas alternativas alimenticias son más costosas que las tradicionales, el incremento
en los costos de producción se hace inevitable. Pero no solo el uso de fuentes alternativas de
alimento incrementa los costos. La regulación a nivel internacional que restringe la importa-
ción de alimentos contaminados y el rechazo de lotes de cereales que sobrepasan los ĺımites
permitidos localmente son otra fuente de pérdidas por rechazo de lotes de alimento [138].
Para la alimentación de aves de producción como el pollo, se utiliza el “alimento terminado”.
El “alimento terminado”es todo material simple o compuesto elaborado, semielaborado o sin
elaborar que se utiliza directamente en la alimentación de animales destinados al consumo
humano. Dentro de su composición para aves se incluyen cereales, subproductos de cereales
y fuentes de protéına como el frijol de soya [182]. Cuando estos cereales están contaminados
con AF no es posible utilizarlos para la producción de alimento terminado. En el caso del
máız es posible la venta de lotes contaminados para la producción de etanol, con el incon-
veniente de recibir un menor precio [148]. En páıses como Estados Unidos los modelos han
estimado las pérdidas ocasionadas por contaminación con AF entre 52 y 686 millones de
dólares para el año 2013, representadas en descarte de lotes de máız, mańı y otros cultivos
que no cumplen con la concentración máxima permitida de AFB1 (20 µg/kg). Además, los
costos asociados al tratamiento de las aflatoxicosis suman entre 20 y 50 millones de dólares
al año [148]. En otros páıses como los del sudeste asiático, los costos pueden llegar a ascender
al billón de dólares al año [230]. Wu y Khlangwiset [232] estiman que el costo del biocontrol
de hogos micotoxigénicos en Nigeria se encuentra entre los 10 y 20 dólares por hectárea para
el año 2008, mientras el costo- efectividad de las intervenciones postcosecha se acercaŕıa a
los 50 dólares por lotes entre 500 y 1250 kg de mańı, lo cual sumaŕıa entre 42 y 50 millones
de dólares por año para biocontrol y entre 3.3 a 8.3 millones de dólares anuales en manejo
postcosecha. Ahora, los efectos cĺınicos del consumo de aflatoxinas también representan un
incremento de los costos de producción en la producció av́ıcola. La alteración del sistema
inmune hace que los planes de vacunación disminuyan su efectividad, aumentando los costos
debido a la susceptibilidad del animal a patógenos [138]. Los efectos subcrónicos del consumo
de AF como la reducción en la ganancia de peso, en el consumo de alimento, en la eficiencia
en la absorción de nutrientes, en la eficiencia reproductiva y en la calidad del huevo y la
16
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carne, disminuye las ganancias impactando negativamente la economı́a de los productores
[149]. Otro factor relacionado con sobrecostos es la contaminación de productos provenientes
de animales, como la contaminación de la leche con AFM1 o la contaminación del huevo con
aflatoxicol [168].
2.3. Normatividad y estrategias de manejo de los
impactos causados por la contaminación con
aflatoxinas.
La contaminación de alimentos por hongos es prácticamente inevitable, al igual que la pro-
babilidad de encontrar hongos micotoxigénicos que puedan sintetizar la AFB1, por lo cual
la exposición a esta micotoxina es un riesgo permanente [30]. Por esto, a nivel mundial los
niveles máximos permitidos de aflatoxinas en máız se encuentran entre los 4 y 30 µg/kg, te-
niendo a Europa como la región con restricciones más fuertes respecto a la presencia de AF
en alimento (4 µg/kg), mientras páıses exportadores como Estados Unidos permiten concen-
traciones de AF en máız y arroz de 20 µg/kg, mientras en Brazil le nivel máximo permitido es
de 30 µg/kg [57, 231, 184]. Debido a la inevitable contaminación de alimentos por hongos, ac-
tualmente existen diferentes estrategias para minimizar la presencia de AF o para reducir los
efectos tóxicos producidos por la AFB1. Dentro de estas estrategias se encuentran métodos
f́ısicos, qúımicos y biológicos. Dentro de los métodos f́ısicos pre y postcosecha se encuentran
el uso de radiación ionizante y no ionizante, agua electrolizada o la separación mecánica
de granos contaminados, mientras los métodos qúımicos utilizan agentes oxidantes como el
ozono o aditivos en el alimento que secuestren la toxina. Los métodos biológicos se encuen-
tran el control biológico a través de cepas de hongos no aflatoxigénicos capaces de competir
en campo con las cepas aflatoxigénicas, el desarrollo de variedades de plantas resistentes al
ataque de hongos, el uso de probióticos y la selección fenot́ıpica de ĺıneas de aves resistentes
[169, 217, 18, 149]. No obstante, varios de estos métodos no permiten un manejo 100 % eficaz
y los métodos más exitosos resultan ser de alto costo. Otra estrategia se ha enfocado en la
quimioprotección, donde se usan fitoqúımicos que actúen como inductores y/o represores de
genes de enzimas como las enzimas CYP o las glutatión S -transferasas (GST), las cuales
están involucradas en la bioactivación de la AFB1 o su inactivación, respectivamente [71].
Respecto a estrategias genéticas, en aves de producció se ha llevado a cabo estrategias de
selección y mejoramiento genético de aves a través de cruces que permitan el flujo de genes
asociados con caracteŕısticas de interés en producción, del acervo genético de una especie
a otra mediante programas de retrocruzamiento o programas de intercambio de gallos, lo
cual se conoce como introgresión. También se han implementado técnicas moleculares para
la selección de caracteŕısticas de interés en producción asistida por marcadores moleculares,
como los microsatélites o los SNPs (Single Nucleotide Polymorphism) [173]. A pesar de la
existencia de este tipo de técnicas, no existen reportes del uso de marcadores moleculares
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para la identificación de individuos y razas de aves resistentes a la AFB1. Tampoco existen
reportes que asocien el metabolismo de esta micotoxina en especies de producción con su
variabilidad genética. Existe el estudio de Kim y colaboradores [116] donde se han identificado
diferentes SNPs en pavos domesticados y pavos silvestres que están relacionados con una
mayor resistencia de las aves silvestres ante los efectos producidos por la AFB1, pero aún
falta ahondar en el estudio de estas caracteŕısticas moleculares para la genotipificación de
especies. Actualmente ya se encuentran secuenciados los genomas del pollo (Gallus gallus)
[99], del pavo (Meleagris gallopavo) [35], del pato (Anas platyrhynchos) [92] y de la codorniz
(Coturnix japonica) [110], lo cual abre un gran potencial a nivel bioinformático al permitir
la búsqueda de genes asociados con el metabolismo de la AFB1 y comparar su variabilidad
entre individuos y especies.
2.4. Situación actual de la contaminación por aflatoxinas
en Colombia
Además del estudio de Adams [2] sobre epizootia espontánea de hepatitis en porcinos atri-
buida posiblemente a casos de aflatoxicosis, no existen registros oficiales de aflatoxicosis en
humanos u otros animales de granja en Colombia. Reportes de prensa del año 2005 cubrieron
un caso de aflatoxicosis en más de 500 mascotas debido al consumo del alimento producido
por Nestle Purina Petcare en su planta de la Encrucijada, Estado de Aragua, Venezuela
(Diaz 2016, comunicación personal). Respecto a la contaminación de alimento con AF, se
encuentran estudios como el de Céspedes y Diaz [23] y Diaz y colaboradores [51] relacio-
nados con el monitoreo de aflatoxinas en diferentes tipos de sustratos como sorgo, arroz o
máız. En este estudio se pudo determinar que en estos sustratos se puede encontrar entre
un 6.7 % y un 88.2 % de muestras con niveles detectables y/o cuantificables de AF. Para
muestras de alimento para aves, el 40 % presentaban contaminación por AF. En sustratos
como máız, soya, harina de algodón, sorgo, harina de girasol, harina de trigo, mańı y arroz
se han aislado hongos micotoxiénicos y se ha detectado AFB1 en concentraciones superiores
a las 50 µg/kg [50, 1]. Si se tiene en cuenta que en los reportes del Ministerio de Agricultura
y Desarrollo Sostenible de Colombia [145] se ha estimado un total de 484.000 hectáreas de
arroz cultivado y de 495.000 hectáreas de máız cultivado en el páıs para el año 2010, el riesgo
de contaminacón de granos con hongos micotoxigénicos es alto, con concentraciones de AF
en el alimento que podŕıan superar los niveles permitidos por la normatividad colombiana.
La Norma Técnica Colombiana (NTC) 2107 permite una concentración máxima de AF de
20 µg/kg para alimento en aves [96] al igual que la NTC3581 para alimentos de consumo
humano [97]. En la resolución 4506 de 2013 del Ministerio de Salud y Protección Social [146]
se establecen los ĺımites máximos para diferentes alimentos como mańı, almendras, avella-
nas y frutos de cascara arbóreos entre 4 y 15 µg/kg, mientras la resolución 2671 del 2014
[147] modificó estos niveles máximos en máız para consumo humano y como ingrediente de
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productos alimenticios, pasando de 10 µg/kg a 20 µg/kg. A pesar de que los niveles de AF
estén regulados en el páıs, aún falta mucho en el control de hongos aflatoxigénicos en campo
y en almacenamiento, como también en la implementación de estrategias de manejo de lotes
que presenten niveles de AF que sobrepasen lo estipulado por la normatividad.
2.5. Metabolismo de la AFB1 en aves de interés comercial
En modelos murinos y en humanos se han caracterizado las principales rutas de bioactiva-
ción e inactivación de la AFB1, como la producción de AFBO, la producción de AFB1-dhd
y la conjugación del AFBO con glutatión [54]. En aves de interés comercial como el pollo, la
codorniz, el pavo o el pato, la información sobre la relación entre el metabolismo de la AFB1
y la resistencia al consumo de esta micotoxina es prácticamente inexistente. Por esto, se ha
planteado en este documento el establecer las reacciones de reducción, oxidación y conjuga-
ción in vitro que ocurren en el proceso de biotransformación del aflatoxicol y la aflatoxina
B1 a partir de extractos de h́ıgado provenientes de las especies anteriormente mencionadas.
Al establecer el metabolismo de esta toxina, se buscará relacionar las diferentes rutas me-
tabólicas encontradas con la resistencia en cada especie aviar. En primera instancia, se buscó
determinar la posible conjugación del aflatoxicol (AFL) con UDP-ácido glucurónico (UDP-
GA; actividad glucuronosil transferasa) y/o con adenosina 3’-fosfato 5’-fosfosulfato (PAPS;
actividad sulfotransferasa). En la búsqueda de este tipo de reacciones de conjugación, se
llegó a una ruta de biotransformación diferente, en la que se encontró un compuesto que se
relaciona con los efectos agudos ocasionados por la AFB1, la AFB1 dihidrodiol (AFB1-dhd)
que, en el pato (especie extremadamente sensible al consumo de la AFB1) son completamente
evidentes. Esta discusión se presenta en el caṕıtulo dos titulado “An unusually high produc-
tion of hepatic aflatoxin B1-dihydrodiol, the possible explanation for the high susceptibility
of ducks to aflatoxin B1”. Continuando con la caracterización del metabolismo de la AFB1 en
aves, se buscó determinar los parámetros enzimáticos de la reducción de AFB1 a AFL y de
la oxidación de AFL a AFB1. Este objetivo nos lleva al capitulo 3 titulado “In vitro hepatic
aflatoxicol production is related to a higher resistance to aflatoxin B1 in poultry”donde se
puede evidenciar el importante rol del AFL en la resistencia a consumo de la AFB1. Como
las reacciones de conjugación se encuentran dentro de las reacciones de inactivación de la
AFB1, se continuó con la determinación de la posible conjugación del AFBO con UDPGA,
con PAPS o con glutatión (GSH; actividad glutatión S -tranferasa). En el caṕıtulo cinco
titulado “In vitro hepatic glutathione S -activity and its possible relationship to tolerance
or sensitivity due to aflatoxinB1 in poultry species”se corrobora el efecto protector de la
inactivación de la aflatoxina B1 por conjugación enzimática con el GSH. Adicionalmente a
los objetivos planteados, en el caṕıtulo seis titulado “Dealing with aflatoxin B1 dihydrodiol
acute effects: impact of aflatoxin B1-aldehyde reductase enzyme activity in poultry species
tolerant to AFB1 toxic effects”se determinó el efecto de la actividad aflatoxina B1 reductasa
(AFAR) y se demostró que la actividad AFAR tiene relación con la resistencia al consumo de
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la AFB1 en el pollo y el pato. Finalmente, para entender el efecto neto de todas las reacciones
en conjunto, el caṕıtulo siete presenta la asociación del metabolismo de la aflatoxina B1 con
la sensibilidad conocida a la AFB1 en cada especie aviar.
3. Caṕıtulo 2: An unusually high
production of hepatic aflatoxin
B1-dihydrodiol, the possible
explanation for the high susceptibility
of ducks to aflatoxin B1
3.1. Abstract
A study was conducted to determine the enzymatic kinetic parameters Vmax, Km, and intrin-
sic clearance (CLint) for the hepatic in vitro production of aflatoxin B1-dihydrodiol (AFB1-
dhd) from aflatoxin B1 (AFB1) in four commercial poultry species, ranging in sensitivity to
AFB1 from highest (ducks) to lowest (chickens). Significant but small differences were seen
for Vmax, while large significant differences were observed for Km. However, the largest inter-
species differences were observed for the CLint parameter, with ducks being extraordinarily
efficient in converting AFB1 into AFB1-dhd. Since AFB1-dhd is considered the metabolite
responsible for the acute toxic effects of AFB1, the high hepatic production of AFB1-dhd from
AFB1 in ducks is the possible biochemical explanation for the extraordinary high sensitivity
of this poultry species to the adverse effects of AFB1.
3.2. Introduction
Since the discovery of aflatoxins [235] after the turkey ”X”disease outbreak that killed over
100,000 turkey poults in Britain in 1960 [20], it has been known that there are extremely
large differences in sensitivity to aflatoxin B1 (AFB1) among commercial poultry species.
The sensitivity to the acute effects of AFB1, expressed as LD50 values, ranges from 0,4
mg/kg in day-old ducklings [158] to 6,8 mg/kg in day-old chicks [207]. The minimum dietary
concentration of AFB1 capable of affecting growth in ducks, turkeys, chickens and laying
hens is about 50, 200, 500 and 5000 ng/kg when exposed to the toxic diets for 3 to 4 weeks
[42]. The 100-fold difference between ducks and laying hens reflects the extreme tolerance
to aflatoxins in adult chickens and the large sensitivity in ducks. Chickens even grow better
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Figura 3-1.: Biotransformation route of aflatoxin B1 into aflatoxin B1 exo-8,9-dihydrodiol.
CYPs: Cytochrome P450. EPHX: Epoxide hydrolase.
when there are aflatoxins in their diet [43], whereas ducks are so sensitive that they were
used as a biological assay for testing feedstuffs [7], prior to the development of the modern
analytical techniques for aflatoxins.
To become a toxic compound, AFB1 requires biotransformation by cytochrome P450 enzymes
(CYP). Several AFB1 metabolites from mammalian and avian CYPs have been identified in-
cluding aflatoxins M1, B2a, P1 and Q1, and the electrophilic unstable AFB1-exo-8,9-epoxide
[44]. The epoxide can alkylate RNA in vitro [211] as well as the N7 position of guanine
residues in DNA, forming irreversible adducts [74]; these adducts eventually cause the trans-
version G→T at codon 249 of the p53 tumor suppressor gene in human hepatocytes [3],
leading to hepatic cancer. Chronic exposure to AFB1 causes hepatocellular carcinoma not
only in humans but also in such species as rats, primates and ducks [44]. The AFB1 me-
tabolite responsible for the acute toxic effects of AFB1 has not been clearly identified but
one possible candidate is the AFB1-exo-8,9-dihydrodiol (AFB1-dhd) that results from the
nucleophilic trapping process of the AFB1-exo-8,9-epoxide by water [103, 104] (Fig. 3-1).
AFB1-dhd has been shown to inhibit protein synthesis in vitro [156] and its furofuran-ring-
opened oxyanionic metabolite (AFB1-hydroxydialdehyde) can form lysine adducts in serum
albumin in vivo [193, 73]. Further, an aldehyde reductase with activity toward the AFB1
dialdehyde has been associated with decreased liver toxic effects in rats [85]. Therefore, the
dihydrodiol/dialdehyde forms, which occur in equilibrium at physiological pH [85], appear
to be responsible for the cytotoxic acute effects of AFB1 exposure. For more than a decade
our research group has been looking for biochemical differences in the hepatic biotransfor-
mation of AFB1 that could explain the in vivo differences in response to AFB1 among the
main poultry species [129, 47, 48, 49, 44]. The present study shows for the first-time large
differences in the enzymatic kinetic parameters of AFB1-dhd production in liver microsomes
that could explain the different in vivo sensitivity to AFB1 of resistant (chickens and quail),
sensitive (turkeys) and highly sensitive (ducks) poultry species.
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3.3. Methods
3.3.1. Reagents
AFB2a, glucose 6-phosphate sodium salt, glucose 6-phosphate dehydrogenase, nicotinamide
dinucleotide phosphate (NADP+), ethylenediaminetetraacetic acid (EDTA), bicinchoninic
acid solution (sodium carbonate, sodium tartrate, sodium bicarbonate and sodium hydroxide
0.1 N pH 11.25), copper sulphate pentahydrate, formic acid, dimethylsulfoxide (DMSO),
sucrose, glycerol, and bovine serum albumin were from Sigma-Aldrich (St. Louis, MO, USA).
Aflatoxin B1 was from Fermentek Ltd. (Jerusalem, Israel). Sodium chloride and magnesium
chloride pentahydrate were purchased from Mallinckrodt Baker (Phillipsburg, NJ, USA).
Sodium phosphate monobasic monohydrate and sodium phosphate dibasic anhydrous were
from Merck (Darmstadt, Germany). Methanol, acetonitrile and water were all HPLC grade.
3.3.2. Microsomal fraction processing
Liver fractions were obtained from 12 healthy birds (6 males and 6 females) from each of the
following species and age: seven-week old Ross and Rhode Island Red chickens (Gallus gallus
ssp. domesticus), eight-week old turkeys (Meleagris gallopavo), eight-week old quails (Cotur-
nix coturnix japonica) and nine-week old Pekin ducks (Anas platyrhynchos ssp. domesticus).
The birds were sacrificed by cervical dislocation, and their livers extracted immediately,
washed with cold PBS buffer (50 mM phosphates, pH 7.4, NaCl 150 mM), cut into small
pieces and stored at -70 ◦C until processing. The experiment was conducted following the
welfare guidelines of the Poultry Research Facility and was approved by the Bioethics Com-
mittee, Faculty of Veterinary Medicine and Zootechnics, National University of Colombia,
Bogotá D.C., Colombia (approval document CB-FMVZ-UN-033-18). Frozen liver samples
were allowed to thaw, and 2.5 g were minced and homogenized for 1 minute with a tissue
homogenizer (Cat X120, Cat Scientific Inc., Paso Robles, CA, USA) with 10 mL of extraction
buffer (phosphates 50 mM pH 7.4, EDTA 1 mM, sucrose 250 mM). The homogenates were
then centrifuged at 12,000 x g for 30 minutes at 4 ◦C (IEC CL31R Multispeed Centrifuge,
Thermo Scientific, Waltham, MA, USA). After this first centrifugation, the supernatants
(approximately 10 mL) were transferred into ultracentrifuge tubes kept at 4 ◦C and centri-
fuged for 90 minutes at 100,000 x g (Sorval WX Ultra 100 Centrifuge, Thermo Scientific,
Waltham, MA, USA). The resulting pellets (corresponding to the microsomal fraction) were
resuspended in 3 mL of storage buffer (phosphates 50 mM pH 7.4, EDTA 1 mM, sucrose 250
mM, 20 % glycerol), fractioned in microcentrifuge tubes and stored at -70 ◦C. An aliquot
of each sample was taken to determine its protein content by using the bicinchoninic acid
protein quantification method according to Redinbaugh and Turley [185].
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3.3.3. Microsomal incubations
Incubations were carried out in 1.5 mL microcentrifuge tubes kept at 39 ◦C (the normal
average avian body temperature) containing 5 mM glucose 6-phosphate, 0.5 I.U. of glucose
6-phosphate dehydrogenase, 0.5 mM NADP+, 1 µL of AFB1 in DMSO at concentrations
ranging from 1.23 to 256 µM, and 5 µg of microsomal protein. All volumes were completed
with incubation buffer (phosphates 50 mM pH 7.4, MgCl 5 mM, EDTA 0.5 mM), and
the reaction stopped after 10 minutes with 250 µL of ice-cold acetonitrile. The stopped
incubations were centrifuged at 15,000 x g for 10 minutes and 2 µL of a 1:10 dilution
in mobile phase were analyzed by High Performance Liquid Chromatography (HPLC) as
described below.
3.3.4. Chromatographic conditions (HPLC)
The production of AFB1-dhd in each incubation was quantitated in a Shimadzu Promi-
nence system (Shimadzu Scientific Instruments, Columbia, MD, USA) equipped with a
DGU-20A3R degassing unit, two LC-20AD pumps, a SIL-20ACHT autosampler, a CTO-
20A column oven, an SPD-20AV UV-Vis detector, an RF-20AXS fluorescence detector, and
a CBM-20A bus module, all controlled by ”LC Solutions”software. The chromatography was
carried out on an Alltech Alltima HP C18, 150 mm x 3.0 mm (Alltech Associates Inc., Deer-
field, IL, USA) kept at 40 ◦C. The mobile phase was a linear gradient of solvent A (water -
0.1 % formic acid) and B (acetonitrile:methanol, 1:1 - 0.1 % formic acid), as follows: 0 min:
25 % B, 1 min: 25 % B, 10 min: 60 % B, 10.01 min: 25 % B, and 17 min: 25 % B. The flow rate
was 0.4 mL/min and the fluorescence detector was set at excitation and emission wavelengths
of 365 nm and 425 nm, respectively. The in-vial concentration of AFB1-dhd was quantitated
using an external standard of AFB2a, since these two compounds share identical spectral
properties [211]. Further, the monoisotopic protonated mass of AFB1-dhd was determined
by HPLC-MS by means of a 3200 QTrap mass spectrometer (Applied Biosystems, Toronto,
Canada) using a thermospray ionization probe in positive mode and the following settings:
probe voltage: 4,800 V, declustering potential: 140 V, entrance potential: 10 V, curtain gas
value: 30, collision energy: 81 V and collision cell exit potential: 5 V.
3.3.5. Statistical analysis
The enzymatic parameters Km and Vmax were determined by non-linear regression using
the Marquardt method adjusting the data to the Michaelis-Menten enzyme kinetics using
the equation: v=Vmax[S]/Km+[S], where v is the enzyme reaction velocity, [S] represents
substrate concentration, Vmax represents maximal velocity and Km represents the Michaelis-
Menten constant. Intrinsic clearance (CLint) was calculated as the ratio Vmax/Km. Inter-
species differences in enzymatic kinetic parameters were determined by using the Kruskal-
Wallis test, while nonparametric multiple comparisons were made by using the Dwass-Steel-
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Critchlow-Fligner method. All analyses were performed using the Statistical Analysis System
software [198].
3.4. Results
Due to the lack of a commercially available AFB1-dhd standard, a mass spectrometric analy-
sis of the putative AFB1-dhd peak was conducted to determine its monoisotopic mass. The
putative peak observed at 6.7 min (Fig. 3-2A) corresponded to a compound of 347 Da, which
is consistent with the monoisotopic protonated mass of AFB1-dhd (Fig. 3-2B).
The enzymatic kinetic parameters for AFB1-dhd production by the four poultry species
investigated are presented in Fig. 3-3. Chicken and quail enzymes did not saturate even
at the highest AFB1 concentration evaluated (256 µM) (Fig. 3-3A); however, turkey and
duck enzymes seemed to become completely saturated with only 56 µM AFB1. The average
values for the Vmax were the highest in Rhode Island Red chickens (11.2 ± 1.48 nmol of dhd-
AFB1/mg protein/minute) and quail (9.57 ± 3.06 nmol of dhd-AFB1/mg protein/minute),
while no differences (p>0.05) were observed among Ross chickens, turkeys and ducks (5.75
± 1.95, 5.84 ± 2.07 and 5.55 ± 1.33 nmol of dhd-AFB1/mg protein/minute, respectively;
Fig. 3-3B). Rhode Island Red chicks had a higher Vmax value compared with Ross chic-
kens. Regarding differences by gender, only quail and turkeys showed significant differences
between males and females. The average values for Km showed large (p<0.05) differences,
with ducks presenting the lowest Km value by far (3.84 ± 1.01 µM of AFB1), followed by
turkeys (49.33 ± 7.66), quail (77.79 ± 22.14) and the chicken breeds Rhode Island Red and
Ross (112.5 ± 33.4 and 131.8 ± 26.2 µM of AFB1, respectively; Fig. 3-3C). No differences
between males and females were found in any species for this enzyme kinetic parameter.
Further, no differences between the chicken breeds were found either. Regarding the CLint
parameter, very large differences among the species evaluated were observed, with ducks
being extraordinarily efficient in converting AFB1 into AFB1-dhd compared to the other
poultry species investigated (Fig. 3-3D). CLint values for ducks, turkey, quail and Rhode
Island Red and Ross chickens were 1.64 ± 1.00, 0.12 ± 0.04, 0.14 ± 0.08, 0.11 ± 0.02 and
0.05 ± 0.02 mL/mg protein/minute, respectively. No differences between males and females
were observed.
3.5. Discussion
Since the discovery of aflatoxins in the early 1960’s it was observed that different animal
species exhibit very different adverse effects upon exposure to the toxins. For example, duc-
klings, pigs and dogs die acutely at dietary concentrations that are well tolerated by humans,
chickens and rats[159, 160, 170]. In some animal models, these differences can be explained
through a differential hepatic biotransformation of AFB1. For instance, in mice and rats,
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Figura 3-2.: Identification of AFB1-dhd by HPLC-MS. (a) Chromatogram of a microsomal
incubation showing the putative AFB1-dhd peak (tR=6.70) and AFB1 (tR =
11.38). (b) Protonated monoisotopic masses found in the 6.70 min peak: the
mass of 347.4 Da corresponds to the mass of AFB1-dhd whereas the mass of
329.2 Da (-18 Da) most likely corresponds to the dehydrated form of AFB1-
dhd.
differences in the ability to trap AFB1 with glutathione (GSH) ultimately determine the
degree of AFB1-induced liver damage: while rats develop hepatocellular carcinoma upon
chronic exposure to AFB1, mice are resistant. The reason for this differential response lies
in the constitutive expression of high levels of an Alpha-class glutathione transferase (GST)
that catalyzes the trapping of AFBO in the mouse that is only expressed at low levels in
the rat [58]. Among poultry species exposed chronically to AFB1 the only one that develops
liver cancer is the duck [89]; however, due to the short life-span of commercial poultry, it
is actually the acute effects the ones that are more important. For more than a decade our
research group has been searching for a biochemical explanation for the differences in sus-
ceptibility to AFB1 among the main poultry species. We have found that AFB1 is essentially
biotransformed into aflatoxicol and AFB1-dhd by chicken, quail, turkey and duck liver micro-
somes and that at least four CYPs can bioactivate AFB1 into the epoxide in ducks, whereas
CYP2A6 is the main cytochrome responsible for this reaction in chickens, quail and turkeys
[129, 47, 48, 49, 44]. However, none of these findings could explain the extraordinarily high
sensitivity of the duck compared to other poultry.
In the present study we investigated the in vitro kinetic constants Vmax and Km, as well as
their ratio, also known as intrinsic clearance. Measurement of CLint has been used to predict
the hepatic extraction of a compound [179], and it is considered to be a measure of the total
amount of enzyme that is coupled to the substrate and engaged in the conversion of the
substrate into the product [161], in other words it is a means to express enzyme efficiency
[72]. Maximal velocity did not differ significantly between duck and turkey (sensitive species)
or Ross chickens (highly resistant species); however, large significant differences in Km were
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Figura 3-3.: Enzyme kinetic parameters of microsomal in vitro AFB1-dhd production. (a)
Saturation curve at AFB1 concentrations of 13.9 to 256 µM (incubations with
duck microsomal fraction were done at AFB1 concentrations of 1.23 to 22.6
µM). (b) Maximal velocity (Vmax). (c) Michaelis-Menten constant (Km). (d)
Intrinsic clearance (CLint; Vmax/Km). (*) Statistical differences (p <0.05) were
calculated by the Kruskal-Wallis test. Mean values with the same letter do not
differ significantly.
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seen among the poultry species studied. Duck presented the lowest value: almost 13 times
lower that turkey, 20 times lower than quail and 30 times lower than the chicken breeds. The
calculation of the CLint values revealed that duck liver microsomes clear AFB1 as AFB1-
dhd at rates between 15 and 33 times higher than chickens. These values are due the low
duck Km values for AFB1-dhd production, which means that duck CYPs require very low
concentrations of AFB1 to reach maximal velocity. More tolerant or resistant species require
higher amounts of AFB1 to reach Vmax, making their CYP enzymes a low performance
biotransformation system. Based on these results we propose an order of AFB1 clearance as
AFB1-dhd in the poultry species studied as follows: duck >>>quail>turkey>chicken (Ross),
with values of 1.64, 0.14, 0.12 and 0.05 mL/mg/minute, respectively. In regard to differences
between males and females we confirmed previous results obtained in our laboratory, where
no significant differences were found by gender.
In summary, the present findings not only provide a biochemical explanation for the large
differences in susceptibility to AFB1 between chickens and ducks, but also provide strong
evidence that AFB1-dhd is the metabolite responsible for the acute toxicity of AFB1. We
hypothesize that the large production of AFB1-dhd by the duck liver is the cause of the
mortality and liver lesions observed with dietary concentrations that do not affect other
poultry. Further, the large production of AFB1-dhd, which is in turn produced by the AFB1-
exo-8,9-epoxide, might be related to the fact that ducks are the only poultry species that
develop hepatic cancer after AFB1 exposure.
4. Caṕıtulo 3: In vitro hepatic aflatoxicol
production is related to a higher
resistance to aflatoxin B1 in poultry
4.1. Abstract
A study was conducted to determine the cytosolic in vitro hepatic enzymatic kinetic parame-
ters Vmax, Km, and intrinsic clearance (CLint) for aflatoxin B1 (AFB1) reductase [aflatoxicol
(AFL) production] and AFL dehydrogenase (AFB1 production) in four commercial poultry
species (chicken, quail, turkey and duck). Large differences were found in AFB1 reductase
activity, being the chicken the most efficient producer of AFL (highest CLint value). Oxi-
dation of AFL to AFB1 showed only slight differences among the different poultry species.
On average all species produced AFB1 from AFL at a similar rate, except for the turkey
which produced AFB1 from AFL at a significantly lower rate than chickens and quail, but
not ducks. Although the turkey and duck showed differences in AFL oxidation Vmax and Km
parameters, their CLint values did not differ significantly. The ratio AFB1 reductase/AFL
dehydrogenase enzyme activity was inversely related to the known in vivo sensitivity to AFB1
being highest for the chicken, lowest for the duck and intermediate for turkeys and quail.
Since there is no evidence that AFL is a toxic metabolite of AFB1, these results suggest that
AFL production is a detoxication reaction in poultry. Conversion of AFB1 to AFL prevents
the formation of the AFB1-8,9-exo-epoxide which, upon conversion to AFB1-dihydrodiol, is
considered to be the metabolite responsible for the acute toxic effects of AFB1.
4.2. Introduction
Aflatoxicol (AFL) is a metabolite produced by the enzymatic reduction of carbon 1 (C1)
in the cyclopentanone ring of aflatoxin B1 (AFB1). This compound was identified for the
first time as a product of AFB1 of the non-aflatoxigenic strain NRRL 2575 of Dactylium
dendroides [39, 40]. After its discovery it was found that the enzymatic reduction of AFB1
to AFL, as well the enzymatic oxidation of AFL back to AFB1 (Fig.4-1), occur in animal
species such as duck, turkey, chicken, rabbit, Guinea-pig, mouse, rat [171, 172] and rainbow
trout (Oncorhynchus mykiss) [195]. Additionally, AFL oxidation to AFB1 has been reported
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Figura 4-1.: Enzymatic reduction of aflatoxin B1 into aflatoxicol by aflatoxin B1 cytosolic
NADPH + H+ reductase and oxidation of aflatoxicol into AFB1 by aflatoxicol
cytosolic dehydrogenase.
in primary rat hepatocyte culture [228], whereas AFB1 reduction to AFL has been found in
rat erythrocyte cytosol [24].
In AFB1 sensitive species like the rainbow trout or rabbit (LD50 value of 0.81 and 0.30 mg
AFB1/kg body weight, respectively[32]) hepatic in vitro incubations biotransform around
60 % of an initial concentration of AFB1 into AFL [196]. However, in hepatic in vitro in-
cubations with the most sensitive poultry species (the duck) it has been found that only
about 10 % of the initial concentration of AFB1 is converted to AFL [189]; no evidence of
this reaction was seen in rat, mouse, Rhesus monkey or humans. Bailey et al . [12] proposed
that AFL could be a reservoir of AFB1 in sensitive species like duck or rainbow trout. If AFL
is a storage form of AFB1, the half-life of the toxin would be longer and could potentially
lead to chronic effects[128, 172]. In fact, the hypothesis that AFL may be a detoxification
product if conjugated with glucuronic acid has been suggested previously[65]. Due to the
high sensitivity of rainbow trout to AFL, it was proposed that AFL could also generate DNA
adducts like those produced by AFB1 [12]; however, there is no proof that this reaction ac-
tually occurs in vivo. AFL epoxidation has only been achieved by using chemical oxidizing
agents like dimethyldioxirane or m-chloroperbenzoic acid [135, 12]. On the other hand, if
AFB1 is poorly biotransformed into AFL, it will be available for further biotransformation
into aflatoxin B1-8,9-exo-epoxide (AFBO) by cytochrome P450 (CYP) enzymes, generating
DNA adducts [128, 127].
Information about the enzymatic reduction of AFB1 to AFL and the oxidation of AFL back
to AFB1 in poultry species is scarce. Lozano and Diaz [129] reported that hepatic cytosolic
in vitro reduction rates of AFB1 follow the order turkey ¿duck ¿quail ¿chicken, but did
not determine enzymatic parameters such as maximal velocity (Vmax), Michaleis-Menten
constant (Km) or intrinsic clearance (CLint). Since it is well-known that different poultry
species exhibit different sensitivities to AFB1, the present study was conducted with the aim
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of investigating possible differences in the enzymatic kinetic parameters Km, Vmax and CLint
for AFB1 reduction and AFL oxidation and to relate these differences with the known in
vivo susceptibility to AFB1 of each poultry species.
4.3. Methods
4.3.1. Reagents
Glucose 6-phosphate sodium salt, nicotinamide dinucleotide phosphate (NADP+), glucose
6-phosphate dehydrogenase, ethylenediaminetetraacetic acid (EDTA), bicinchoninic acid so-
lution (sodium carbonate, sodium tartrate, sodium bicarbonate and sodium hydroxide 0.1 N,
pH 11.25), copper sulphate pentahydrate, formic acid, dimethylsulfoxide (DMSO), sucrose,
glycerol, and bovine serum albumin were from Sigma-Aldrich (St. Louis, MO, USA). Afla-
toxicol and aflatoxin B1 were purchased from Fermentek Ltd. (Jerusalem, Israel). Sodium
chloride and magnesium chloride pentahydrate were purchased from Mallinckrodt Baker
(Phillipsburg, NJ, USA). Sodium phosphate monobasic monohydrate and sodium phospha-
te dibasic anhydrous were from Merck (Darmstadt, Germany). Methanol, acetonitrile and
water were all HPLC grade.
Cytosolic fraction processing
Liver fractions were obtained from 12 healthy birds (6 males and 6 females) from each of
the following species and ages: seven-week old Ross and Rhode Island Red chickens (Ga-
llus gallus ssp. domesticus), eight-week old turkeys (Meleagris gallopavo), eight-week old
quails (Coturnix coturnix japonica) and nine-week old Pekin ducks (Anas platyrhynchos ssp.
domesticus). The birds were sacrificed by cervical dislocation, and their livers extracted
immediately, washed with cold PBS buffer (50 mM phosphates, pH 7.4, NaCl 150 mM),
cut into small pieces and stored at -70 ◦C until processing. The experiment was conducted
following the welfare guidelines of the Poultry Research Facility and was approved by the
Bioethics Committee, Faculty of Veterinary Medicine and Zootechnics, National University
of Colombia, Bogotá D.C., Colombia (approval document CB-FMVZ-UN-033-18). Frozen
liver samples were allowed to thaw, and 2.5 g were minced and homogenized for 1 minute
with a tissue homogenizer (Cat X120, Cat Scientific Inc., Paso Robles, CA, USA) with 10
mL of extraction buffer (phosphates 50 mM pH 7.4, EDTA 1 mM, sucrose 250 mM). The
homogenates were then centrifuged at 12000 x g for 30 minutes at 4 ◦C (IEC CL31R Multis-
peed Centrifuge, Thermo Scientific, Waltham, MA, USA). After this first centrifugation, the
supernatants (approximately 10 mL) were transferred into ultracentrifuge tubes kept at 4
◦C and centrifuged for 90 minutes at 100000 x g (Sorval WX Ultra 100 Centrifuge, Thermo
Scientific, Waltham, MA, USA). The resulting supernatants (corresponding to the cytosolic
fraction) were fractioned in microcentrifuge tubes and stored at -70 ◦C. An aliquot of each
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sample was taken to determine its protein content by using the bicinchoninic acid protein
quantification method according to Redinbaugh and Turley [185].
4.3.2. Cytosolic incubations
Incubations were made per each animal at seven different substrate concentrations, with
each concentration run in duplicate. For AFB1 reductase enzyme activity, in vitro incuba-
tions were carried out in 1.5 mL microcentrifuge tubes kept at 39 ◦C (the normal average
poultry body temperature) containing 5 mM glucose 6-phosphate, 0.5 mM NADP+, 0.5 I.U.
glucose 6-phosphate dehydrogenase, 1 µL of AFB1 in DMSO at concentrations ranging from
1.23 to 256 µM, and 100 µg of cytosolic protein for chicken breeds and quail or 25 µg for
turkey and duck. For AFL dehydrogenase enzyme activity incubation contained 0.5 mM
NADP+, 1 µL of AFL in DMSO at concentrations ranging from 5.2 to 254.7 µM and 10 µg
of cytosolic protein except for turkey, where 5 µg were used. All volumes were completed with
incubation buffer (phosphates 50 mM pH 7.4, MgCl 5 mM, EDTA 0.5 mM), and the reaction
stopped after 10 minutes with 250 µL of ice-cold acetonitrile. The stopped incubations were
centrifuged at 15000 x g for 10 minutes and 2 µL of a 1:10 dilution in mobile phase (except
for turkey and duck, where a 1:100 dilution was made) were analyzed by high-performance
liquid chromatography (HPLC) as described below.
4.3.3. Chromatographic conditions (HPLC)
The production of AFL or AFB1 in each incubation was quantitated in a Shimadzu Pro-
minence system (Shimadzu Scientific Instruments, Columbia, MD, USA) equipped with a
DGU-20A3R degassing unit, two LC-20AD pumps, a SIL-20ACHT autosampler, a CTO-20A
column oven, an RF-20AXS fluorescence detector, and a CBM-20A bus module, all contro-
lled by “LC Solutions”software. The chromatography was carried out on an Alltech Alltima
HP C18, 150 mm x 3.0 mm chromatographic column (Alltech Associates Inc., Deerfield, IL,
USA) kept at 40 ◦C. The mobile phase was a linear gradient of solvent A (water - 0.1 %
formic acid) and B (acetonitrile:methanol, 1:1 - 0.1 % formic acid), as follows: 0 min: 25 % B,
1 min: 25 % B, 10 min: 60 % B, 10.01 min: 25 % B, and 17 min: 25 % B. The flow rate was 0.4
mL/min and the fluorescence detector was set at excitation and emission wavelengths of 365
nm and 425 nm, respectively. The in-vial concentration of AFL and AFB1 was quantitated
using standards of AFL and AFB1 of known concentration. The linearity of the response
for AFL was confirmed with a calibration curve for AFL with in column amounts ranging
from 12.7 to 127.4 fmol, for which an R2 value of 0,9989 was obtained. The calibration curve
for AFB1 quantitation corresponded to in column amount of AFB1 ranging between 128-
1280 fmol, with an R2 of 0,9998. Analytical method precision was estimated by the Relative
Standard Deviation (RSD) of the results obtained for determinations of AFL and AFB1 at
the intermediate level of the calibration curves in triplicate. RSD values for AFL and AFB1
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were 2 and 3 %, respectively. Recovery was estimated at 100 % since the concentration of
the analytes AFL and AFB1 found in blank incubations corresponded to the amount expec-
ted from the calculation based on the external standard calibration curves. This result was
expected since the matrix corresponded to incubation buffer that was not subjected to any
type of extraction or clarification procedures.
4.3.4. Statistical Analysis
The enzymatic parameters Km and Vmax were determined by non-linear regression using
the Marquardt method adjusting the data to the Michaelis-Menten enzyme kinetics using
the equation: v = Vmax[S]/Km+[S], where v is the enzyme reaction velocity, [S] represents
substrate concentration, Vmax represents maximal velocity and Km represents the Michaelis-
Menten constant. Intrinsic clearance (CLint) was calculated as the ratio Vmax/Km. Inter-
species differences in enzymatic kinetic parameters were determined by using the Kruskal-
Wallis test, while nonparametric multiple comparisons were made by using the Dwass-Steel-
Critchlow-Fligner method. All analyses were performed using the Statistical Analysis System
software [198].
4.4. Results
Enzymatic products of AFB1 reductase and AFL dehydrogenase activities are presented in
Fig. 4-2. Fig. 4-2A presents the chromatogram obtained from AFL standard used to confirm
the AFL enzymatic production. (Fig. 4-2B) show the chromatogram where AFB1 was used
as substrate. Fig. 4-2C presents the chromatogram where AFB1 standard is used to confirm
the AFB1 enzymatic production and (Fig. 4-2D) presents the chromatogram where AFL
was used as substrate. The saturation curves of enzymatic reduction of AFB1 to AFL as
well as the enzymatic parameters Vmax, Km and CLint for the four poultry species studied
are presented in Fig. 4-3. The biotransformation rate of AFB1 into AFL was highest in the
duck, which seems to saturate at a concentration of 256 µM of AFB1. On the other hand,
both turkey and quail reach maximal velocity at 157 µM, and the chicken breeds at 59.7
µM (Fig. 4-3A). Fig. 4-3B presents the same saturation curves in the 0 to 24 µM AFB1
concentration range, where it is observed that the chicken breeds produce more AFL at AFB1
concentrations below 9 µM compared with the other poultry species. In all cases adjustment
of the dataset to the Michaelis Menten equation resulted in coefficients of determination
(R2) ≥ 0.99. Fig. 4-3C shows the results for the Vmax AFL production where the duck had
the highest value (2.94 ± 0.78 nmol AFL/mg protein/minute), which was 3.2 times higher
than the one found for the turkey (0.92 ± 0.29 nmol AFL/mg protein/minute). There were
no differences between the chicken breeds (0.57 ± 0.24 and 0.56 ± 0.18 nmol AFL/mg
protein/minute for the Ross and the Rhode Island Red, respectively) and quail (0.50 ± 0.27
nmol AFL/mg protein/minute). Only the Ross breed presented significant differences for
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Vmax between sexes (0.72± 0.21 and 0.42± 0.18 nmol AFL/mg protein/minute for males and
females respectively). Km values for AFB1 reduction also showed significant differences (Fig.
4-3D), with the duck showing the highest value (46.8 ± 7.7 µM of AFB1), followed by the
turkey (13.6 ± 4.5 µM of AFB1) and the quail (5.6 ± 2.6 µM of AFB1). No differences were
found between the chicken breeds (2.7 ± 0.7 and 2.9 ± 0.6 µM of AFB1 for Ross and Rhode
Island Red, respectively). No differences by sex for this parameter were found for any of the
poultry species studied. Measurement of the enzymatic efficiency of AFL production as CLint
(Fig. 4-3E) showed that chicken breeds have the most efficient enzymatic AFL production
system, with values for Ross and Rhode Island Red breeds of 0.21 ± 0.08 and 0.20 ± 0.056
mL/mg protein/minute, respectively. Quail and turkey showed an intermediate efficiency
with values of 0.095 ± 0.05 and 0.068 ± 0.01 mL/mg protein/minute respectively, while
the duck had the lowest value among the poultry species evaluated (0.064 ± 0.02 mL/mg
protein/minute). In regard to sex, only quail showed significant differences between sexes
(0.12 ± 0.05 and 0.07 ± 0.03 mL/mg protein/minute for males and females respectively).
Fig. 4-4 shows the saturation curves, as well as Vmax, Km and CLint values for the enzymatic
oxidation of AFL to AFB1. For this reaction both turkey and duck cytosolic enzymes seem
not to be completely saturated at a concentration of 254.7 µM AFL; however, the other
species saturated at 156.7 µM (Fig. 4-4A). Vmax was highest in the turkey and the duck,
with values of 83.6 ± 33.9 and 82.3 ± 15.4 nmol AFB1/mg protein/minute respectively,
followed by the quail (23.2 ± 7.9 nmol AFB1/mg protein/minute) and the chicken breeds
(14.7 ± 5.6 and 14.2 ± 3.5 nmol AFB1/mg protein/minute for Ross and Rhode Island
Red chickens, respectively; Fig. 4-4B). Only the Ross chicken breed presented significant
differences between sexes (18.5 ± 4.9 and 10.9 ± 3.4 nmol AFB1/mg protein/minute for
males and females respectively). Km was lowest for the chicken breeds with values of 12.3
± 2.8 and 11.6 ± 2.3 µM of AFL for Ross and Rhode Island Red chickens, respectively.
Quail presented a higher value (29.8 ± 6.8 µM of AFL), which was even higher for the duck
(84.0 ± 16.5 µM of AFL), and highest for the turkey (146.8 ± 72.4 µM of AFL; Fig. 4-4C).
Significant differences between sexes were observed for Ross chickens (14.2 ± 2.76 and 10.4
± 1.15 µM of AFL for males and females respectively), quail (24.6 ± 3.6 and 34.9 ± 5.1 µM
of AFL for males and females respectively) and turkeys (105.7 ± 30.6 and 187.9 ± 80.9 µM
of AFL for males and females respectively). Only the turkey CLint value (0.6 ± 0.2 mL/mg
protein/minute) differed significantly from the chicken breeds and duck (1.2 ± 0.4, 1.3 ±
0.4 and 1.0 ± 0.3 mL/mg protein/min, respectively; Fig. 4-4D). Quail CLint value did not
differed from any of the other species and it was the only species that showed significant
differences between sexes for this parameter (1.1 ± 0.3 and 0.6 ± 0.2 mL/mg protein/minute
for males and females respectively).
Comparisons of the ratio AFB1 reductase CLint/AFL dehydrogenase CLint showed significant
differences between species, where Ross (0.175 ± 0.048) and Rhode Island Red chicken breeds
(0.159 ± 0.025) showed the highest and similar values, followed by quail (0.114 ± 0.020) and
turkey (0.124 ± 0.038) which also presented similar values, and finally the duck (0.064 ±
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0.017) with the lowest value.
4.5. Discussion
The in vivo sensitivity to AFB1 in poultry species (duck >turkey >quail >chicken) has been
proposed to be related to qualitative and/or quantitative differences in AFB1 metabolism
[44]. Hepatic cytosolic enzymes of poultry species can reduce AFB1 to AFL [129] and the
inverse reaction is also possible [171, 172]. In the present study, determination of the enzy-
matic kinetic enzymatic parameters for these reactions revealed that resistant species (e.g.
chickens, quail) reach Vmax for AFL production at lower AFB1 concentrations, as determi-
ned by their lower Km values. On the other hand, turkeys and ducks show higher Km values
associated with CLint values three times lower than those of the chicken, suggesting a lower
enzymatic efficiency in converting AFB1 to AFL. Therefore, less sensitive species produce
AFL more efficiently than more sensitive ones, at low AFB1 concentrations. Although in
resistant species like the chicken breeds theVmax value was about six times lower that in
sensible species like the duck or turkey, the chickens reach Vmax at lower concentrations of
AFB1 than the other species. This fact can be very significant since the AFB1 concentrations
expected to occur in the hepatocyte upon AFB1 exposure are in the nanomolar or even the
femtomolar order [28]. On the other hand, although large differences were found for AFB1
reduction, dehydrogenation of AFL back to AFB1 showed only minor differences among the
different poultry species. On average all species produced AFB1 from AFL at a similar rate,
except for the turkey.
In order to elucidate if the proposal of Bailey et al . [12] that AFL could be a reservoir of
AFB1 in sensitive species, the ratio “AFB1 reductase activity CLint /AFL dehydrogenase
activity CLint”was calculated. Surprisingly, this ratio was highest for the chickens (0.18
and 0.16), intermediate in quail and turkey (0.11) and lowest (0.06) for the most sensitive
species (duck). These results suggest that the amount of AFL produced from AFB1 (or AFL
accumulation) follows the order Ross chicken = Rhode Island Red chicken ¿quail = turkey
¿duck. Interestingly, this is the opposite order to AFB1 in vivo sensitivity in which the duck is
the most sensitive, the chicken is the less sensitive and the quail and turkey are intermediate
in sensitivity [44]. In other sensitive species like the rainbow trout (Oncorhynchus mykiss)
the AFB1 production rate from AFL is lower than the AFL production from AFB1 [128, 127]
and therefore it has been suggested that the ratio AFB1 reductase/AFL dehydrogenase is
higher in species prone to develop acute aflatoxicosis [229]. The results obtained in the
present trial clearly show that this contention is not valid for the poultry species studied. A
possible explanation for this discrepancy could be that in poultry species production of AFL
represents a way to avoid epoxidation of AFB1 to AFBO, and the subsequent formation
of its hydrolysis product aflatoxin B1 dihydrodiol (AFB1-dhd), the proposed acutely toxic
metabolite of AFB1 [45]. It is important to highlight that duck liver enzymes can oxidize
AFB1 to AFBO more efficiently at lower AFB1 concentrations than turkeys, chickens, or quail
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Figura 4-2.: Chromatograms of detection of aflatoxin B1 reductase activity (Figures 2A
and 2B) and aflatoxicol dehydrogenase activity (Figures 2C and 2D) products.
A. Aflatoxicol standard (tR = 12.20, 318.4 fmol in colum). B. Production of
aflatoxicol (tR = 12.32, 334.3 fmol in column) from aflatoxin B1 (tR = 11.10,
36.7 µM in incubation). C. Aflatoxin B1 standard (tR = 11.15, 1.28 pmol in
column). D. Production of aflatoxin B1 (tR = 11.19, 542.4 fmol in colum) from
aflatoxicol (tR = 12.18, 36.5 µM in incubation).
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Figura 4-3.: Enzyme kinetic parameters of cytosolic in vitro aflatoxicol production from
AFB1. (A) Saturation curves at AFB1 concentrations of 1.23 to 59.7 µM for
chicken breeds, 1.23 to 157 µM for quail and turkey and 13.9 to 256 µM for
duck. (B) Saturation curves in the AFB1 concentration range from 0 to 24
µM. (C) Maximal velocity (Vmax). (D) Michaelis-Menten constant (Km). (E)
Intrinsic clearance (CLint; Vmax/Km). Species mean values with the same letter
do not differ significantly. Statistical differences (p<0.05) were calculated using
the Kruskal-Wallis test. Values are means ± SEM (Figures 3C, 3D and 3E) of
12 observations.
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Figura 4-4.: Enzyme kinetic parameters of cytosolic in vitro AFB1 production from aflato-
xicol (AFL). (A) Saturation curve at AFL concentrations of 5.2 to 156.7 µM
for chicken breeds and quail, and of 13.8 to 254.7 µM for turkey and duck
species. (B) Maximal velocity (Vmax). (C) Michaelis-Menten constant (Km).
(D) Intrinsic Clearance (CLint; Vmax/Km). Species mean values with the same
letter do not differ significantly. Statistical differences (p <0.05) were calcula-
ted using the Kruskal-Wallis test. Values are means ± SEM (Figures 4B, 4C
and 4D) of 12 observations.
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[45]. If the duck cannot biotransform AFB1 to AFL efficiently, AFB1 will be available for
bioactivation, producing AFBO through CYP enzymes. In the case of the chicken, oxidation
of AFB1 to AFBO is less efficient than in other species [45], and the reduction of AFB1 to
AFL will further reduce the AFB1 available to be epoxidated. The subcellular localization of
the AFB1 reductase (cytosol) and CYP enzymes (smooth endoplasmic reticulum) requires
that the toxin comes first in contact with the reductase and if this activity is highly efficient
there will be no toxin available for bioactivation by CYP enzymes. It is possible that this
is the strategy used by the chicken in order to be able to tolerate AFB1 doses that could
kill sensitive species. In fact, production of AFL by the chicken liver could be considered a
true detoxication pathway since there is no evidence of AFL enzymatic epoxidation through
CYP enzymes, despite the presence of the 8,9-double bond in the furan ring of the molecule.
Research conducted to determine the mechanism of toxicity of AFL failed to find any evidence
of adduction of AFL with DNA [128, 127] and it was suggested that the mechanism of
adduction from AFL is due to its oxidation to AFB1 and the subsequent epoxidation of AFB1
through CYP enzymes to AFBO. According to this, AFL is not toxic per se and storage of
AFL will not generate toxic effects. Research conducted in our laboratory failed to detect any
glucuronidation or sulfoconjugation of AFL in the same poultry species studied. It might
be possible that AFL is a substrate of a hepatocyte transmembrane transport [125] that
removes the metabolite from the hepatocytes, thereby finalizing the detoxication pathway.
In summary, the present study reports for the first time the enzymatic kinetic parameters
of AFB1 reduction and AFL oxidation in poultry species. The ratio AFB1 reduction/AFL
oxidation was found to be inversely related to the known in vivo susceptibility to AFB1. In
fact, the most resistant species (chicken) was found to be the most efficient producer of AFL.
It is important to note that the chicken is so resistant to AFB1 that it not only tolerates
dietary concentrations that could acutely kill other animals, but also grows better when
AFB1 in present in its diet [43]. Although some studies report adverse effects on different
clinical or performance parameters, these results need to be analyzed with caution since they
need to be contextualized within the expected levels of contamination in feed ingredients and
complete feeds [42]. Our results, therefore, contradict the common theory that AFL acts as
a reservoir of AFB1, thereby increasing its toxicity. On the other hand, a recent study has
shown that sensitive species produce more AFB1-dhd (from AFBO) than resistant ones
[45] and we have now found that the latter species also produce more AFL. Low AFBO
production coupled with high AFL production from AFB1 could be the explanation for the
high resistance of chickens and other resistant poultry to AFB1. However, more research
is needed to determine the metabolite fate of the AFB1-dhd and AFL and the enzymatic
kinetic parameters of AFBO-glutathione conjugation.
5. Caṕıtulo 4: In vitro hepatic
glutathione S-transferase activity and
its possible relationship to tolerance
or sensitivity due to aflatoxin B1 in
poultry species.
5.1. Abstract
Comparative studies designed to investigate the role of glutathione S -transferase (GST) ac-
tivity on the enzyme catalized trapping of aflatoxin B1-8,9-epoxide (AFBO) with glutathione
(GSH), and the relationship with AFB1-tolerance have not been conducted in poultry. He-
patic cytosolic fractions of chickens, quail, turkeys and ducks were used to measure in vitro
the enzymatic parameters maximal velocity (Vmax), Michaelis-Menten constant (Km) and
intrinsic clearance (CLint) for GST trapping of AFBO. AFB1 used ranged from 2.0 to 157.5
µM and the AFB1-GSH produced was identified and quantitated by HPLC. Significant diffe-
rences were found in GST Vmax values, being the highest in chickens, followed by quail, ducks
and turkeys. The Km values were also significantly different, with chickens <ducks <turkeys
<quail. Chickens had the higher CLint value in contrast to ducks. Differences by sex showed
that duck females had a higher CLint than the turkey and quail, whereas duck males had a
CLint close to that of turkey. The ratio “AFBO production /AFB1-GSH production ”follows
the order duck >>>turkey >quail >chicken, in concordance to poultry sensitivity. The ex-
tremely high “AFB1 epoxidation activity/GST activity ”ratio observed in ducks might be
the explanation for the development of hepatocellular carcinoma in this species.
5.2. Introduction
Aflatoxin B1 (AFB1) is a secondary metabolite produced by some species of Aspergillus
fungi, including A. flavus, A. parasiticus, A. nomius and A. pseudonomius [42]. Hepatic
biotransformation of AFB1 through mammalian and avian cytochrome P450 (CYP) enzy-
mes produces aflatoxin B1-8,9-epoxide (AFBO), with two possible stereoisomers: aflatoxin
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Figura 5-1.: Bioactivation of aflatoxin B1 into aflatoxin B1 8,9-epoxide (AFBO) through
cytochrome P450 enzymes (CYP) and enzymatic conjugation of AFBO with
glutathione through glutathione S -transferase (GST) enzymes.
B1-8,9-exo-epoxide and aflatoxin B1-8,9-endo-epoxide; only the exo-epoxide is capable of
adducting the guanine-7 position of DNA, leading to carcinogenesis [52, 77]. A major de-
toxication pathway that prevents DNA adduct formation is the nucleophilic trapping of
AFBO with glutathione (GSH) to form 8,9-Dihydro-8-(S-glutathionyl)-9-hydroxyaflatoxin
B1 (AFB1-GSH). This reaction is catalyzed by cytosolic glutathione S transferases (GST,
EC 2.5.1.18; Fig. 5-1). GSTs are a superfamily of enzymes that speed up the nucleophilic
trapping of the thiolate group of GSH with electrophilic groups present in a wide variety of
substrates [162]. Although GST enzymes can be found in different subcellular compartments
(cytosol, mitochondria, endoplasmic reticulum, nucleus and plasma membrane) [183], only
the cytosolic GSTs are responsible for electrophile detoxication. These GSTs are compri-
sed of either two subunits of the same type (homodimers) or two subunits of different type
(heterodimers), each subunit with a molecular mass close to 25 kDa [131, 133].
Experimental rodents such as mice, hamsters and rats show little differences in their in vitro
AFBO-DNA adduct production; however, the ability to conjugate AFBO with GSH is higher
in the mouse, intermediate in the hamster and lower in the rat [58]. In the mouse, the very
high GST-AFBO conjugating activity is associated to a GST Alpha-class enzyme [175, 178],
more specifically to an Alpha-class 3-3 GST [84]. Although tolerance to AFB1 is not related
with the acute toxic effects, since the LD50 values for AFB1 in mice, hamsters, male rats, and
female rats are 7.3, 12.8, 6.2, and 18 mg/kg, respectively, the ability to conjugate AFBO with
GSH correlate well with the chronic effects of AFB1. Since the rat is highly prone to develop
hepatic tumors, the hamster is much less prone, and the mouse is resistant to AFB1-induced
hepatic carcinogenesis [159]. For example, after sub-chronic exposure to AFB1 (6 weeks), 50
out of 50 rats given the toxin by oral gavage 5 days/week developed hepatocellular carcinomas
by 46 weeks of age, while only 2 of 49 AFB1-treated hamsters developed hepatocellular
carcinomas [150]. In similar studies, mice have been found to be completely refractory to
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the carcinogenic properties of AFB1 [31]. Several studies have shown that the differences
in sensitivity to AFB1-induced carcinogenesis are related to specific GST activity against
the AFBO [82, 157, 175]. Further, differences in GST activity against each of the AFBO
stereoisomers have been reported; while rats conjugate the aflatoxin B1-8,9-endo-epoxide
more efficiently, the mouse seems to exclusively conjugate the active isomer aflatoxin B1-8,9-
exo-epoxide [180].
The information about GST-mediated AFBO GSH trapping in poultry species is scarce, and
no comparative studies among poultry have been conducted. Studies conducted with turkeys,
which have an intermediate sensitivity to AFB1 between chickens and ducks [42, 149], have
shown that their GST activity is slightly higher than that of the rat, but much lower than that
the mouse GST activity [117]. Further, domestic turkeys seem to present a lower AFBO-GST
conjugation activity than wild turkeys [116]. GST enzymes identified in quail [34], a species
almost as resistant to AFB1 as the chicken, have a lower conjugating activity compared to
those of mice or rats [163], whereas the most resistant poultry species (the chicken) seems
to have a GST activity only slightly higher than that of the rat [139].
Due to the lack of information about AFBO-GST enzyme kinetics in poultry species, the pre-
sent study was carried out in order to evaluate and compare the enzyme kinetic parameters
of AFB1-GSH production and to investigate a possible relationship between AFBO trapping
by GSH and the known in vivo sensitivity to AFB1 in the major poultry species (ducks
>turkeys >quail >chickens) [42]. We focused our study in GST activity since unpublished
studies conducted in our laboratory failed to detect any UDP-glucuronosyltransferase or
sulfotransferase enzyme activities for aflatoxin B1-8,9-dihydrodiol (AFB1-dhd) or aflatoxicol
(a reduced form of AFB1) conjugation.
5.3. Methods
5.3.1. Reagents
Glucose 6-phosphate sodium salt, glucose 6-phosphate dehydrogenase, nicotinamide dinu-
cleotide phosphate (NADP+), ethylenediaminetetraacetic acid (EDTA), bicinchoninic acid
solution (sodium carbonate, sodium tartrate, sodium bicarbonate and sodium hydroxide 0.1
N pH 11.25), copper sulphate pentahydrate, formic acid, sucrose, glycerol, bovine serum
albumin, L- glutathione reduced, dimethyl sulfoxide (DMSO) and ethanol (spectrophotome-
tric grade) were from Sigma-Aldrich (St. Louis, MO, USA). Aflatoxin B1 was from Fermen-
tek Ltd. (Jerusalem, Israel). Sodium chloride and magnesium chloride pentahydrate were
purchased from Mallinckrodt Baker (Phillipsburg, NJ, USA). Sodium phosphate monoba-
sic monohydrate and sodium phosphate dibasic anhydrous were from Merck (Darmstadt,
Germany). Methanol, acetonitrile and water were all HPLC grade.
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5.3.2. Microsomal and cytosolic fraction processing
Liver fractions were obtained from 12 healthy birds (6 males and 6 females) from each of
the following species and age: seven-week old Ross and Rhode Island Red chickens (Gallus
gallus ssp. domesticus), eight-week old Nicholas turkeys (Meleagris gallopavo), eight-week
old Japanese quails (Coturnix coturnix japonica) and nine-week old meat-type Pekin ducks
(Anas platyrhynchos ssp. domesticus). Birds were raised with no additives or medication
added to the diets provided. The diets were formulated with the same ingredients (corn,
extruded full-fat soybeans, soybean meal, vegetable oil, calcium phosphate, calcium carbo-
nate, sodium chloride, lysine, methionine, tryptophan, choline, vitamin and mineral premix)
formulated to reach or exceed the nutrient requirements of each poultry species studied.
For in vitro production of AFB1-GSH standard, a mouse liver was used (Mus musculus,
ICR outbred stock). The birds were sacrificed by cervical dislocation and the mouse by
CO2 overdose, and their livers extracted immediately, washed with cold PBS buffer (50 mM
phosphates, pH 7.4, NaCl 150 mM), cut into small pieces and stored at –70 ℃ until proces-
sing. The experiment was conducted following the welfare guidelines of the Poultry Research
Facility and was approved by the Bioethics Committee, Faculty of Veterinary Medicine and
Zootechnics, National University of Colombia, Bogotá D.C., Colombia (approval document
CB-FMVZ-UN-033-18). Frozen liver samples were allowed to thaw, and 2.5 g were minced
and homogenized for 1 minute with a tissue homogenizer (Cat X120, Cat Scientific Inc.,
Paso Robles, CA, USA) with 10 mL of extraction buffer (phosphates 50 mM pH 7.4, EDTA
1 mM, sucrose 250 mM). The homogenates were then centrifuged at 12,000 × g for 30 mi-
nutes at 4 ℃ (IEC CL31R Multispeed Centrifuge, Thermo Scientific, Waltham, MA, USA).
After this first centrifugation, the supernatants (approximately 10 mL) were transferred into
ultracentrifuge tubes kept at 4 ℃ and centrifuged for 90 minutes at 100,000 × g (Sorval
WX Ultra 100 Centrifuge, Thermo Scientific, Waltham, MA, USA). The pellets from Rhode
Island Red chickens (corresponding to the microsomal fraction) were resuspended in 3 mL
of storage buffer (phosphates 50 mM pH 7.4, EDTA 1 mM, sucrose 250 mM, 20 % glycerol)
and fractioned in microcentrifuge tubes. Rhode Island Red chicken microsomal fraction is
used because its AFBO production is higher than other rodent or poultry fractions tested.
The supernatants from all species (corresponding to the cytosolic fraction) were also fractio-
ned in microcentrifuge tubes. All fractions were stored at –70 ℃ and previously an aliquot
of each sample was taken to determine its protein content by using the bicinchoninic acid
protein quantification method according to Redinbaugh and Turley [185]. No further enzyme
purification was carried out and the incubations were carried out with the cytosolic fractions
obtained as previously described.
5.3.3. Aflatoxin B1-GSH enzyme kinetics
For AFB1 GST enzyme activity (nucleophilic trapping of AFBO by GSH: AFBO + GSH
→ AFB1-GSH), a discontinuous direct in vitro assay was done with incubations were made
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per each animal at seven different substrate concentrations, with each concentration run
in duplicate according to the method proposed by Mannervik and Jemth [132] with some
modifications. Incubations were carried out in 1.5 mL microcentrifuge tubes kept at 39 ℃
(the normal body temperature for the age of the birds used) containing 5 mM glucose 6-
phosphate, 0.5 mM NADP+, 0.5 I.U. glucose 6-phosphate dehydrogenase, 100 µg of Rhode
Island Red microsomal protein (AFBO generating system), 1 µL of AFB1 in DMSO at
concentrations ranging from 2.0 to 157.5 µM (in order to saturate GST enzyme), and 800 µg
of cytosolic protein for chicken breeds, 1600 µg for quail and 4800 µg for turkey and duck.
All volumes were completed to 250 µL with incubation buffer (phosphates 50 mM pH 7.4,
MgCl 5 mM, EDTA 0.5 mM), and the reaction stopped after 10 minutes with 250 µL of
ice-cold acetonitrile. The stopped incubations were centrifuged at 15000 × g for 10 minutes
and 2 µL were analyzed by high-performance liquid chromatography (HPLC) as described
below.
The production of AFB1-GSH in each incubation was quantitated in a Shimadzu Prominen-
ce system (Shimadzu Scientific Instruments, Columbia, MD, USA) equipped with a DGU-
20A3R degassing unit, two LC-20AD pumps, a SIL-20ACHT autosampler, a CTO-20A co-
lumn oven, an RF-20AXS fluorescence detector, and a CBM-20A bus module, all controlled
by “LC Solutions”software. The chromatography was carried out on an Alltech Alltima HP
C18 chromatographic column, 150 mm × 3.0 mm (Alltech Associates Inc., Deerfield, IL,
USA) kept at 40 ℃. The mobile phase was a linear gradient of solvent A (water - 0.1 % for-
mic acid) and B (acetonitrile:methanol, 1:1 - 0.1 % formic acid), as follows: 0 min: 17 % B, 1
min: 17 % B, 10 min: 20 % B, 10.01 min: 100 % B, 12 min: 100 %, 12.01 min: 17 % and 18 min:
17 % B. The flow rate was 0.6 mL/min and the fluorescence detector was set at excitation
and emission wavelengths of 360 nm and 440 nm, respectively. The in-vial concentration of
AFB1-GSH was quantitated using an enzyme synthetized AFB1-GSH standard. The linea-
rity of the response for AFB1-GSH was confirmed with a calibration curve for AFB1-GSH
with in column amounts ranging from 6 to 300 fmol, for which an R2 value of 0,9993 was
obtained. Analytical method precision was estimated by the Relative Standard Deviation
(RSD) of the results obtained for determinations of AFB1-GSH at the intermediate level of
the calibration curves in triplicate. RSD values for AFB1-GSH was 7 %. Recovery was esti-
mated at 100 % since the concentration of the analyte AFB1-GSH found in blank incubations
corresponded to the amount expected from the calculation based on the external standard
calibration curves. This result was expected since the matrix corresponded to incubation
buffer that was not subjected to any type of extraction or clarification procedures.
5.3.4. Aflatoxin B1-GSH standard synthesis
Production of AFB1-GSH standard was done in vitro in four 2 mL vials kept at 39 ℃, each
containing 5 mM glucose 6-phosphate, 0.5 mM NADP+, 2 I.U. glucose 6-phosphate dehydro-
genase, 1.2 mg of Rhode Island Red microsomal protein, 4.8 mg of mouse cytosolic protein
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and 4 µL of AFB1 256 µM in DMSO. Volume was completed to 1 mL with incubation buffer
(phosphates 50 mM pH 7.4, MgCl 5 mM, EDTA 0.5 mM), and the reaction stopped after 40
minutes with 1 mL of ice-cold acetonitrile. Stopped incubations were pooled, vacuum-dried
to 1 mL, centrifuged at 15000 × g for 10 minutes and then run on an Agilent Technolo-
gies InfinityLab LC system (Agilent Headquaters, Santa Clara, CA, USA) equipped with a
G1314B 1260 VWD VL variable wavelength UV/Vis detector, a G1316A 1260 TCC ther-
mostatted column compartment, a G1329B 1260 ALS standard autosampler, and a G1311C
1260 Quaternary Pump VL, all modules controlled by “LC Openlab CDS ChemStation
Edition”software. The chromatography was carried out on a Waters preparative chromato-
graphic column µBondapack C18 125 Å 10 µm 7.8 × 300 mm (Waters Corporation, Milford,
MA, USA) kept at 50 ℃. The mobile phase was a linear gradient of A (water 0.1 % formic
acid) and B (acetonitrile, 0.1 % formic acid) as follows: 0 min: 22 % B, 7 min: 22 % B, 7.01
min: 100 % B, 10 min: 100 % B, 10.01 min: 22 % B and 12 min: 22 % B, 17min: 18 % B.
The flow rate was 2.5 mL/min and the UV detector was set at 360 nm. Aliquots of 100
µL from the incubation vials were injected until the whole synthesis volume was run in the
HPLC system. The fractions corresponding to the AFB1-GSH adduct were collected, taken
to dryness using a rotary evaporator (Hei-Vap Advantage, Heidolph Instruments GmbH &
CO, Schwabach, Germany) and resuspended in ethanol for UV quantitation. Concentration
of AFB1-GSH was estimated from AFB1 extinction coefficient (ε = 21800 M
-1 cm-1) [21]. To
confirm the AFB1-GSH identity, the monoisotopic protonated mass of the adduct was de-
termined by HPLC-MS by means of a 3200 QTrap mass spectrometer (Applied Biosystems,
Toronto, Canada) using a thermospray ionization probe in positive mode and the following
settings: probe voltage: 4,800 V, declustering potential: 140 V, entrance potential: 10 V,
curtain gas value: 30, collision energy: 81 V and collision cell exit potential: 5 V.
5.3.5. Statistical analysis
The enzymatic parameters Km and Vmax were determined by non-linear regression using
the Marquardt method adjusting the data to the Michaelis-Menten enzyme kinetics using
the equation: v = Vmax[S]/Km + [S], where v is the enzyme reaction velocity, [S] represents
substrate concentration, Vmax represents maximal velocity and Km represents the Michaelis-
Menten constant. Intrinsic clearance (CLint; mL/mg protein/minute) was calculated as the
ratio Vmax/Km. The calculated CLint only applies for the selected enzymatic activity and
not for the hepatic clearance, since glutathione S -transferase (GST) enzyme was not purified
from liver extracts. In all cases the kinetic parameters are “apparent”because hepatic extracts
and not purified enzymes were used. Inter-species differences in enzymatic kinetic parameters
were determined by using the Kruskal-Wallis test, while nonparametric multiple comparisons
were made by using the Dwass-Steel-Critchlow-Fligner method, with a significance level of
5 % (p <0.05). All analyses were performed using the Statistical Analysis System (SAS
version 9.4) software[198].
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Figura 5-2.: Identification of AFB1-GSH by HPLC-MS. (A) Chromatogram of the purified
AFB1-GSH obtained from enzymatic synthesis. The peak at tR = 7.96 min
shows the putative AFB1-GSH product. (B) Protonated monoisotopic mass
found in the 7.96 min peak, corresponding to a value of 636.2 Da.
5.4. Results
The expected monoisotopic molecular mass of the AFB1-GSH adduct obtained from in vitro
synthesis, was confirmed by mass spectrometry since the putative peak eluting at tR = 7.96
min corresponded to a molecular protonated mass value of 636.2 Da (Fig. 5-2).
Figure 5-3 shows the enzyme kinetic parameters of cytosolic AFB1-GSH production, inclu-
ding the saturation curve, maximal velocity (Vmax), Michaelis-Menten constant (Km) and
intrinsic clearance (CLint). Saturation of GST activity (Fig. 5-3A) occurs at lower AFB1
concentrations (<60 µM) in more sensitive species (duck and turkey) compared with more
resistant ones. Quail seems to reach a plateau at a concentration of AFB1 of 100 µM and
resistant birds (Ross and Rhode Island Red chickens) reach Vmax at around 160 µM of AFB1
(Fig. 5-3B). The Vmax value was the highest for the chicken breeds (1.28 ± 0.26 and 1.40
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Figura 5-3.: Enzyme kinetic parameters of hepatic cytosolic in vitro AFB1-GSH produc-
tion. (A) Saturation curve at AFB1 concentrations of 2.0 to 157.5 µM (B)
Maximal velocity (Vmax). (C) Michaelis-Menten constant (Km). (D) Intrinsic
clearance (CLint; Vmax/Km). Species mean values with the same letter do not
differ significantly. Statistical differences (p <0.05) were calculated using the
Kruskal-Wallis test and nonparametric multiple comparisons were done by the
Dwass-Steel-Critchlow-Fligner method. Values are means ± SEM of 6 birds
per sex or 12 birds total.
± 0.12 pmol AFB1-GSH/mg protein/minute for Ross and Red Island Red chickens, respec-
tively), followed by quail (0.85 ± 0.27 pmol AFB1-GSH/mg protein/minute), duck (0.34 ±
0.17 pmol AFB1-GSH/mg protein/minute) and turkey (0.18 ± 0.08 pmol AFB1-GSH/mg
protein/minute). Differences by sex were only found for ducks with values of 0.44 ± 0.15
and 0.23 ± 0.11 pmol AFB1-GSH/mg protein/minute for females and males respectively. In
regard to the Km value, it was found that the higher affinity (lowest values) corresponded
to the chicken breeds (47.41 ± 7.11 and 65.66 ± 14.4 µM of AFB1-GSH for Rhode Island
Red and Ross, respectively), followed by the duck (69.09 ± 51.48 µM of AFB1-GSH), the
turkey (87.54 ± 24.43 µM of AFB1-GSH) and the quail (92.66 ± 25.20 µM of AFB1-GSH;
Fig. 5-3C). Differences by sex were found only in ducks (26.83 ± 10.11 and 111.36 ± 37.94
µM AFB1-GSH for females and males respectively) and Rhode Island Red chickens (42.42
± 5.53 and 52.40 ± 4.57 µM of AFB1-GSH for females and males respectively).
Enzyme efficiency, estimated by the CLint value, was highest for the chicken breeds (0.03 ±
0.004 and 0.02 ± 0.003 mL/mg protein/minute for Rhode Island Red and Ross, respecti-
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vely), followed by duck (0.01 ± 0.008 mL/mg protein/minute), quail (0.009 ± 0.001 mL/mg
protein/minute) and turkey (0.002 ± 0.001 mL/mg protein/minute; Fig. 5-3D). Differences
by sex were again found only for the ducks (0.017 ± 0.004 and 0.002 ± 0.001 mL/mg pro-
tein/minute for females and males, respectively) and for Rhode Island Red chickens (0.032
± 0.004 and 0.028 ± 0.002 mL/mg protein/minute for females and males, respectively).
Because the net toxic effect of AFB1 depends on both activation and deactivation reac-
tions, the AFB1 activation/deactivation ratio was estimated using the CLint values for these
reactions. The ratio CLint AFB1 activation (AFBO production)/AFB1 deactivation CLint
(AFB1-GSH production) was calculated using the AFBO production values previously ob-
tained from the same set of samples and published elsewhere [45]. From lowest to highest,
the calculated ratios were as follows: Ross chickens, 2.36 ± 0.95; Rhode Island Red chickens,
3.50 ± 0.63; quail, 15.12 ± 7.12, turkey, 65.79 ± 40.20; and duck, 470.82 ± 54.97.
5.5. Discussion
Previous studies carried out with rodent species have shown that specific GST activities are
associated with tolerance to the chronic adverse effects of AFB1 through the nucleophilic
trapping of AFBO by GSH. The results of the present study suggest that, just like in rodents,
the kinetics of AFB1-GSH production in poultry is related to the in vivo resistance to AFB1,
which follows the order chicken >quail >turkey >duck [42, 149]. The Vmax values for AFB1-
GSH production were found to follow the order chickens >quail >turkey = duck. The higher
Vmax values found in the chickens indicate a greater capacity to biotransform AFBO into
AFB1-GSH compared to the other poultry; in contrast, in more sensitive species, AFB1-
GSH conjugation saturated at very low AFB1 concentrations (less than 60 µM of AFB1).
Saturation of GST enzyme activity at lower AFB1 concentrations is possibly associated with
a lower inactivation of AFBO through GSH trapping mediated by GST activity. Further,
the low Km values found for the chickens indicate that Vmax is reached at lower AFB1
concentrations compared with ducks, turkeys and quail. Since chicken GST activity towards
AFBO reach the Vmax at lower concentrations of AFB1, trapping of the AFBO by GSH
can occur at a wider range of AFB1 concentrations compared with the other poultry species
studied. Therefore, higher amounts of AFB1 are needed to reach Vmax in sensitive species,
which in turn leads to a higher production of AFBO [45] accompanied by a lower capacity
to produce AFB1-GSH. The capacity to inactivate the AFBO is related to the AFB1-GSH
production efficiency measured as the intrinsic clearance (CLint) value. Chickens had a CLint
value more than two times higher than the quail, 10 times higher than the turkey and 20 times
higher than the duck. These differences are particularly large between the resistant chickens
and the sensitive ducks and turkeys. It is not clear why different poultry species would have
different activities against AFB1 or its toxic metabolites but it has been postulated that the
evolutionary biology of each particular species has determined its ability to cope (or not) with
aflatoxins; for example, chickens (Gallus gallus spp. domesticus) are originally from southeast
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Asia, a geographic area with a large prevalence of aflatoxins, whereas turkeys (Meleagris
gallopavo) are originally from the northern regions of the United States and southern Canada,
where aflatoxins are very rare. According to this theory, continuous exposure to aflatoxins
through thousands of years of evolution led to the hepatic enzyme adaptation that has
conferred the chickens their extraordinary resistance to aflatoxins [42].
By calculating the ratio between AFB1 bioactivation (AFBO formation) and AFBO inac-
tivation (conjugation with GSH), an estimation of the net detoxification of AFB1 can be
obtained. In a study conducted with laboratory rodents this calculation gave values of 0.54
for the mouse and 1.62 for the rat, respectively [37], whereas in another trial the values were
0.13 and 6.2 for the mouse and the rat, respectively [53]. In both studies the more resistant
mouse had a ratio lower than 1, meaning that the inactivation reaction is favored over the
activation reaction. In the present study, the ratios AFB1 CLint (AFBO production) / AFB1
CLint (AFB1-GSH production) followed the order duck >turkey >quail >chicken. Interes-
tingly, the order of these ratios is in perfect agreement with the known in vivo sensitivity
of these poultry species. Further, the calculated ratio for the duck is more than 134 times
higher than that of the chickens, 31 times higher than the quail ratio and 7 times higher
than the turkey ratio. These results clearly show that the duck liver lacks the ability to trap
the AFB1 active metabolite AFBO as efficiently as other poultry and might explain why
this is the only poultry species that develops hepatic carcinoma upon AFB1 exposure [42].
Besides differences found between avian species, significant differences in GST efficiency were
also found between chicken breeds. As it has been published about the effect of domestica-
tion in turkey GST activity, wild turkeys (Melleagris gallopavo silvestris) and domesticated
turkeys (Melleagris gallopavo) show a distinct hepatic GSTA3 expression level. Wild tur-
keys feed with a free-AFB1 diet or with a AFB1 contaminated diet showed a higher GSTA3
expression in contrast to domesticated turkeys [187]. Furthermore, spleen gene response to
AFB1 consumption is also divergent between domesticated and wild turkeys [186]. Accor-
ding to these findings, we speculate that the lower GST enzyme activity efficiency found in
Ross breed compared to Rhode Island Red breed can be attributed to lineage development
for commercial purposes. In the case of duck, interbreed differences has been reported sin-
ce significant histopathological differences have been found between different duck breeds
after AFB1 exposure; apparently, these differences are associated to the AFB1 metabolism
variability between duck breeds [89].
Beyond the differences found in the enzymatic parameters Vmax, Km and CLint discovered
between poultry species, differences between sexes also exist in the ducks and the Rhode
Island Red chicken breed. In both species, females were more efficient in converting AFBO
into AFB1-GSH than males. In ducks, the difference for CLint was 8.5 times higher for
females and in Rhode Island Red breed the difference was slightly higher, being a 14 %
greater in females. Differences between sexes had already been reported in rats exposed to
AFB1, in which production of AFB1-GSH has been found to be higher in female than in
male rats [58]; further, the AFB1 LD50 in female Porton rats is three times higher than in
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males (6.25 and 18.0 mg/kg of body weight, respectively) [32]. The sex-dependent expression
of GST enzymes in adult rat liver has been regarded to the effect of growth hormone, which
enhances expression levels in females over males [4, 208]. Because GST sex-dependent activity
differences are present in duck and chicken, the effect of growth hormone can be a feasible
explanation for this discrepancy between sexes.
Because GST activity expression is age-dependent as well, this fact should be considered in
order to compare GST activity between poultry species. In 3 weeks old Fisher 344 rats, it
has been found that GSH AFBO conjugating activity of female rats over male rats is 25.7 %
higher, and at 7 weeks it reaches a value of 98.7 % [86]. In broiler chickens at 7, 21 and 42 days
old, it was observed the age-dependent increase in GSTA3 and GSTA4 Alpha-class enzyme
isoforms expression levels, chickens feed with AFB1 contaminated diet and AFB1-free diet,
reaching a maximum around 42 days [221]. Accordingly, in order to avoid bias comparisons,
birds in this study were selected between 7-9 weeks old.
It is important to highlight that GST activity cannot be considered as the only reaction capa-
ble of explaining the differences in sensitivity among different poultry species. For example,
aflatoxin B1 aldehyde reductase (AFAR) enzyme activity is capable of reduce AFB1 dialdehy-
de and hence reduce adducts of AFB1 with proteins (cytotoxicity). Also, reduction of AFB1
into aflatoxicol seems to be a biochemical strategy in poultry to avoid AFB1 epoxidation
[152]. Therefore, the toxicity of AFB1 should be considered as a multifactorial mechanism
in which different metabolic pathways in AFB1 biotransformation are interconnected, inclu-
ding GST activity. In regards of GST and AFAR activity, it becomes relevant to consider
the inducibility of both enzymes [83]. It is well recognized that coumarin, ethoxyquin and ot-
her compounds as phenolic antioxidants and isothiocyanates induce expression of xenobiotic
metabolism enzymes as GST and AFAR[83, 111, 140]. As a protective strategy against oxi-
dative stress, some poultry diets can contain different antioxidants as vitamin E, selenium,
taurine and polyphenolics [210]. Because the inductive effect of some of these compounds,
it’s absolutely necessary to achieve a diet with no additives in order to obtain no biased
results.
5.6. Conclusions
Several studies have found a relationship between AFB1 GST enzyme activity and resistance
to the carcinogenic effects of AFB1 in rodents; however, no comparative studies evaluating the
ability to detoxify AFBO by GSH trapping had been conducted in poultry. In the present
study we found that more tolerant species like the chicken have a more efficient AFBO
trapping activity than sensitive species like the duck. Our finding possibly explains why the
duck is the only poultry species that develops hepatic carcinoma upon AFB1 exposure. While
chicken GST enzyme activity is capable of dealing with a wide range of AFB1 concentrations,
the duck GST activity seems to be unable to cope with AFB1 concentrations above 40 µM.
Even though we have found a possible explanation for the carcinogenic effects of AFB1 in
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ducks, knowledge on the metabolism of AFB1 in poultry still has many gaps to fill. Because
nucleophilic trapping of AFBO by GSH is not the only step in AFB1 metabolism, it is ne-
cessary to integrate all the different AFB1 biotransformation steps by modelling the enzyme
kinetic parameters through in silico simulations that include all the possible biotransforma-
tion products of AFB1 (for example AFBO, AFB1-dhd and AFL). In addition to in silico
simulations, another topic to consider in AFB1 metabolism research is the efficiency of the
DNA repairing system among poultry species. Evidence has been accumulating around the
role of AFB1 biotransformation and DNA repair as determinants of AFB1 induced carcino-
genesis [15]. Polymorphisms in genes associated to DNA repair determine the repair capacity
of AFB1-induced DNA damage [233]. In ducks, a synergistic effect between a high AFBO
production and a low capacity to repair DNA damage caused by AFBO, could explain their
unique feature among poultry species: their ability to develop hepatocarcinoma.
6. Caṕıtulo 5: Dealing with aflatoxin B1
dihydrodiol acute effects: impact of
aflatoxin B1-aldehyde reductase
enzyme activity in poultry species
tolerant to AFB1 toxic effects
6.1. Abstract
Aflatoxin B1 aldehyde reductase (AFAR) enzyme activity has been associated to a higher
resistance to the aflatoxin B1 (AFB1) toxicity in ethoxyquin-fed rats. However, no studies
about AFAR activity and its relationship with tolerance to AFB1 have been conducted in
poultry. To determine the role of AFAR in poultry tolerance, the hepatic in vitro enzyma-
tic activity of AFAR was investigated in liver cytosol from four commercial poultry species
(chicken, quail, turkey and duck). Specifically, the kinetic parameters Vmax, Km and intrin-
sic clearance (CLint) were determined for AFB1 dialdehyde reductase (AFB1-monoalcohol
production) and AFB1 monoalcohol reductase (AFB1-dialcohol production). In all cases,
AFB1 monoalcohol reductase activity saturated at the highest aflatoxin B1 dialdehyde con-
centration tested (66.4 µM), whereas AFB1 dialdehyde reductase did not. Both activities
were highly and significantly correlated and therefore are most likely catalyzed by the same
AFAR enzyme. However, it appears that production of the AFB1 monoalcohol is favored
over the AFB1 dialcohol. The production of alcohols from aflatoxin dialdehyde showed the
highest enzymatic efficiency (highest CLint value) in chickens, a species resistant to AFB1;
however, it was also high in the turkey, a species with intermediate sensitivity; further, CLint
values were lowest in another tolerant species (quail) and in the most sensitive poultry spe-
cies (the duck). These results suggest that AFAR activity is related to resistance to the acute
toxic effects of AFB1 only in chickens and ducks. Genetic selection of ducks for high AFAR
activity could be a means to control aflatoxin sensitivity in this poultry species.
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6.2. Introduction
Aflatoxin B1 (AFB1) is a secondary metabolite produced by some strains of Aspergillus fun-
gi, including Aspergillus flavus, A. parasiticus, A. nomius and A. pseudonomius. Hepatic
biotransformation of AFB1 by cytochrome P450 (CYP) enzymes produces aflatoxin B1-8,9-
epoxide (AFBO) with two possible stereoisomers: aflatoxin B1-8,9-exo-epoxide and aflatoxin
B1-8,9-endo-epoxide; only aflatoxin B1-8,9-exo-epoxide can react with DNA, producing ad-
ducts at position 7 of guanine leading to carcinogenesis [77, 52]. Once formed, AFBO is highly
electrophilic and quickly reacts with water (t1/2 = <1 second) forming AFB1-8,9-dihydrodiol
(AFB1-dhd)[11, 103, 45]. AFB1-dhd has a pH dependent equilibrium with another species
known as AFB1 dialdehyde, which can produce Schiff bases with lysine [76], affecting protein
synthesis and causing cytotoxic effects [155]. AFB1 dialdehyde can be reduced by aflatoxin
B1-aldehyde reductase (AFAR, EC 1.1.1.2; Fig 6-1), a cytosolic enzyme of the aldo-keto re-
ductase superfamily, that was first described in liver extracts from ethoxyquin-fed rats [105].
A DNA sequence associated with AFAR enzyme activity [56] was later identified as the indu-
cible isoform of aflatoxin B1-aldehyde reductase 1 (AFAR1, currently known as AKR7A1 ),
which strongly interacts with chemopreventive agents such as ethoxyquin [55]. After the
discovery of the AKR7A1 enzyme, a second encoding region was found corresponding to
the enzyme AKR7A3 (formerly known as AFAR29) [112, 113]. Concerning inducible gene
expression, it has been observed that both AFAR and glutathione sulfotransferases (GSTs)
are inducible by compounds like ethoxyquin, making it difficult to discriminate the relevance
of these two enzymatic activities on AFB1 toxicity [140, 114].
Information on AFAR enzyme activity in poultry is scarce; however, sequences corresponding
to AFAR enzymes have been reported for poultry species. In the National Center for Biotech-
nology Information [29] there is a chicken DNA sequence which corresponds to the AKR7A2
gene. Furthermore, in the Kegg Pathways database [107, 109, 108] the AKR7A2 enzyme is
associated with aflatoxin B1 dialdehyde reduction to AFB1-C6-monoalcohol phenolate and
AFB1-C8-monoalcohol phenolate; these two monoalcohols can be further reduced to AFB1-
dialcohol phenolate. Other poultry DNA sequences with functional annotations found in the
NCBI [29] include a sequence in turkeys that corresponds to aflatoxin B1 aldehyde reductase
member 2-like, and sequences in ducks and quail that correspond to AKR7A2 aldo-keto
reductase family 7, member A2.
Because it has been suggested that AFAR activity is related to a higher resistance to AFB1,
especially through ameliorating the acute effects caused by aflatoxin dialdehyde [105], the
present study was conducted to investigate the enzyme kinetic parameters of aflatoxin B1-
monoalcohol and aflatoxin B1-dialcohol production, and to relate them with the known
sensitivity to AFB1 in chickens, turkeys, ducks and quail.
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Figura 6-1.: Bioactivation of aflatoxin B1 into aflatoxin B1 8,9-epoxide through cytochro-
me P450 enzymes (CYPs). Spontaneous hydrolysis of the epoxide or the
enzymatic activity of epoxide hydrolase (EPHX), produce aflatoxin B1 8,9-
dihydrodiol which in a pH dependent manner equilibrates with aflatoxin B1
dialdehyde. Enzymatic reduction of aflatoxin B1 dialdehyde into aflatoxin B1
C6-monoalcohol and aflatoxin B1 C8-monoalcohol is carried out by aflatoxin B1
aldehyde reductase (AFAR), which in turn can also reduce these monoalcohols
into aflatoxin B1 dialcohol.
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6.3. Materials and methods
6.3.1. Reagents
Glucose 6-phosphate sodium salt, glucose 6-phosphate dehydrogenase, nicotinamide dinu-
cleotide phosphate (NADP+), ethylenediaminetetraacetic acid (EDTA), bicinchoninic acid
solution (sodium carbonate, sodium tartrate, sodium bicarbonate and sodium hydroxide
0.1 N pH 11.25), copper sulphate pentahydrate, formic acid, sucrose, bovine serum al-
bumin, sodium borohydride, m-chloroperbenzoic acid, ethanol (spectrophotometric grade),
isopropyl alcohol, 2-(cyclohexylamino) ethane sulfonic acid (CHES), aflatoxin B2a and N,N -
dimethylformamide were from Sigma-Aldrich (St. Louis, MO, USA). Aflatoxin B1 was from
Fermentek Ltd. (Jerusalem, Israel). Sodium phosphate monobasic monohydrate, sodium
phosphate dibasic anhydrous and sodium chloride were from Merck (Darmstadt, Germany).
Methanol, acetonitrile and water were all HPLC grade.
6.3.2. AFB1-dhd synthesis and purification
AFB1-dhd was produced based on the method of Fringuelli[62] with some modifications. To a
2 mL of a water:acetonitrile mix (1:1, v/v), 5 mg of AFB1 and 5.38 mg of m-chloroperbenzoic
acid ≤ 70 % were added and mixed. The mix was stirred at room temperature for 30 minutes,
after which the AFB1-dhd formed was purified by using a µBondapack C18 125 Å, 10 µm, 7.8
x 300 mm preparative column (Waters Corporation, Milford, MA, USA) kept at 50 ℃. The
chromatograph was an Agilent Technologies InfinityLab LC system (Agilent, Santa Clara,
CA, USA) equipped with a G1314B 1260 VWD VL variable wavelength UV/Vis detector,
a G1316A 1260 TCC thermostated column compartment, a G1329B 1260 ALS standard
autosampler, and a G1311C 1260 Quaternary Pump VL, all modules controlled by “LC
Openlab CDS ChemStation Edition ”software. The mobile phase was a linear gradient of
solvents A (water 0.1 % formic acid) and B (isopropil alcohol 20 % in acetonitrile, 0.1 %
formic acid) as follows: 0 min: 18 % B, 10 min: 18 % B, 13 min: 100 % B, 15 min: 100 % B,
15.01 min: 18 % B, 17 min: 18 % B. The flow rate was 2.5 mL/min and the UV detector
was set at 365 nm. Aliquots of 50 µL of the synthesis solution were injected until all the
volume was run into the HPLC system. The AFB1-dhd-containing fractions were collected,
taken to dryness in a rotary evaporator (Hei-Vap Advantage, Heidolph Instruments GmbH &
CO, Schwabach, Germany) and resuspended in ultrapure water. The purified AFB1-dhd was
quantitated using an external standard of AFB2a, since these two compounds share identical
spectral properties [212].
6.3.3. AFB1 monoalcohol and dialcohol synthesis and purification
The synthesis of AFB1 monoalcohol and AFB1 dialcohol was made according to the method
of Guengerich[75]. To a 1 mL of a 63 µM solution of AFB1-dhd in water acetonitrile 1:1 (v/v)
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(adjusted to pH 10 with buffer CHES 250 mM), 60 µL of an 8.9 mM solution of NaBH4 in
N,N -dimethylformamide was added and let stir for 30 minutes. After this, 10 µL of formic
acid was added to neutralize the mixture. Purification of the synthesis products was made
by preparative HPLC on a Phenomenex Prodigy LC Column C18 ODS-3V 100 Å, 250 x 4.6
mm 5 µm (Phenomenex, Torrance CA. USA) kept at 40 ℃. The mobile phase was a linear
gradient of solvents A (water 0.1 % formic acid) and B (acetonitrile 0.1 % formic acid) as
follows: 0 min: 15 % B, 5 min: 15 % B, 15 min: 40 % B, 15.01 min: 100 % B, 17 min: 100 %
B, 17.01min: 15 % B, 27 min: 15 % B. The flow rate was set at 0.6 mL/min and the UV
detector was set at 365 nm. Aliquots of 10 µL were injected until the whole synthesis volume
was run in the HPLC system. The fractions containing the compounds were collected, taken
to dryness in a rotary evaporator (Hei-Vap Advantage, Heidolph Instruments GmbH & CO,
Schwabach, Germany) and suspended in ethanol for UV quantitation. The concentrations
of the AFB1 monoalcohol and AFB1 dialcohol were estimated by using the AFB1 extinction
coefficient in ethanol (ε = 21800 M-1 cm-1; [21]). To confirm their identities, the monoisotopic
protonated masses of both compounds were determined by HPLC-MS on a Sciex 3200 QTrap
mass spectrometer (Applied Biosystems, Toronto, Canada) using a thermospray ionization
probe in positive mode and the following settings: probe voltage = 4,800 V, declustering
potential = 140 V, entrance potential = 10 V, curtain gas value: 30, collision energy = 81
V and collision cell exit potential = 5 V. Since the molecular masses of both AFB1 C6-
monoalcohol and AFB1 C8-monoalcohol are the same, and only one chromatographic peak
was found, the enzyme kinetics analyses were done for both analytes under the term AFB1
monoalcohol.
6.3.4. Microsomal and cytosolic fraction processing
Liver fractions were obtained from 12 healthy birds (6 males and 6 females) from each of
the following species and age: seven-week old Ross and Rhode Island Red chickens (Gallus
gallus ssp. domesticus), eight-week old Nicholas turkeys (Meleagris gallopavo), eight-week
old Japanese quails (Coturnix coturnix japonica) and nine-week old meat-type Pekin ducks
(Anas platyrhynchos ssp. domesticus). No additives or medication were added to the diets
provided to the birds. The diets were formulated with the same ingredients (corn, extruded
full-fat soybeans, soybean meal, vegetable oil, calcium phosphate, calcium carbonate, sodium
chloride, lysine, methionine, tryptophan, choline, vitamin and mineral premix) formulated
to reach or exceed the nutrient requirements of each poultry species studied. Poultry rearing
was obtained from local commercial poultry suppliers and at the moment of sacrifice, no-
table clinical symptoms were not found. The birds were sacrificed by cervical dislocation,
and their livers extracted immediately, washed with cold PBS buffer (50 mM phosphates,
pH 7.4, NaCl 150 mM), cut into small pieces and stored at –70 ℃ until processing. The
experiment was conducted following the welfare guidelines of the Poultry Research Faci-
lity and was approved by the Bioethics Committee, Facultad de Medicina Veterinaria y
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Zootecnia, Universidad Nacional de Colombia, Bogotá D.C., Colombia (approval document
CB-FMVZ-UN-033-18). Frozen liver samples were allowed to thaw, and 2.5 g were minced
and homogenized for 1 minute with a tissue homogenizer (Cat X120, Cat Scientific Inc.,
Paso Robles, CA, USA) after adding 10 mL of extraction buffer (phosphates 50 mM pH 7.4,
EDTA 1 mM, sucrose 250 mM). The homogenates were then centrifuged at 12,000 × g for
30 minutes at 4 ℃(IEC CL31R Multispeed Centrifuge, Thermo Scientific, Waltham, MA,
USA). The resulting supernatants (approximately 10 mL) were transferred into ultracentri-
fuge tubes kept at 4 ℃and centrifuged for 90 minutes at 100,000 × g (Sorval WX Ultra 100
Centrifuge, Thermo Scientific, Waltham, MA, USA). An aliquot of each of the ultracentrifu-
ged supernatants (corresponding to the cytosolic fraction) was taken to determine its protein
content by the bicinchoninic acid protein quantification method according to Redinbaugh
and Turley[185]. The remaining supernatant was fractioned into microcentrifuge tubes and
stored at –70 ℃until used for the enzyme kinetic studies. No further enzyme purification
was carried out and the incubations were carried out with the cytosolic fractions obtained
as previously described.
6.3.5. Aflatoxin B1 monoalcohol and AFB1 dialcohol enzyme kinetics
To determine the enzyme kinetics of AFB1 monoalcohol and AFB1 dialcohol production
(reduction of AFB1 dialdehyde by AFAR: AFB1 dialdehyde + NADH + H
+ −→ AFB1 mo-
noalcohol + NAD+; reduction of AFB1 monoalcohol by AFAR: AFB1 monoalcohol + NADH
+ H+ −→ AFB1 dialcohol + NAD+), the method proposed by Judah et al. [105] was used
with some modifications. AFB1 dialdehyde was obtained by adjusting to pH 10 (with buffer
CHES 25 mM) the chemically synthetized AFB1-dhd [103]. For AFB1 dialdehyde and AFB1
monoalcohol reductase enzyme kinetics, a discontinuous direct assay was carried out in 1.5
mL microcentrifuge tubes kept at 39 ℃(the normal body temperature for the age of the
birds used) containing 5 mM glucose 6-phosphate, 0.5 IU of glucose 6-phosphate dehydroge-
nase, 0.5 mM NADP+ and 30 µg of cytosolic protein for chicken breeds or turkey, 50 µg for
duck and 70 µg for quail. All volumes were completed with incubation buffer (phosphates
50 mM pH 7.4). After 3 minutes of preincubation, 4 µL of AFB1-dhd in buffer CHES 25
mM pH 10 (AFB1 dialdehyde form) at concentrations ranging from 3.38 to 66.4 µM was
added and the reaction stopped after 90 seconds with 250 µL of ice-cold acetonitrile. The
stopped incubations were centrifuged at 15,000 × g for 10 minutes and 5 µL were analyzed
by HPLC. The amount of AFB1 monoalcohol and AFB1 dialcohol found in each incuba-
tion was quantitated in a Shimadzu Prominence system (Shimadzu Scientific Instruments,
Columbia, MD, USA) equipped with a DGU-20A3R degassing unit, two LC-20AD pumps,
a SIL-20ACHT autosampler with cooling system, a CTO-20A column oven, an RF-20AXS
fluorescence detector, and a CBM-20A bus module, all controlled by “LC Solutions ”soft-
ware. The chromatography was carried out on an Alltech Alltima HP C18, 150 mm × 3.0
mm (Alltech Associates Inc., Deerfield, IL, USA) kept at 40 ℃. The mobile phase was a
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linear gradient of solvents A (water – 0.1 % formic acid) and B (acetonitrile – 0.1 % formic
acid), as follows: 0 min: 5 % B, 1 min: 5 % B, 15 min: 15 % B, 15.01 min: 5 % B, 20 min:
5 % B. The flow rate was 0.6 mL/min and the fluorescence detector was set at excitation
and emission wavelengths of 360 nm and 440 nm, respectively. The in-vial concentrations of
AFB1 monoalcohol and AFB1 dialcohol were quantitated by using the standards of AFB1
monoalcohol and AFB1 dialcohol chemically synthetized as previously described.
6.3.6. Statistical analysis
The enzymatic parameters Km and Vmax were determined by non-linear regression using
the Marquardt method adjusting the data to the Michaelis-Menten enzyme kinetics using
the equation: v = Vmax[S]/Km + [S], where v is the enzyme reaction velocity, [S] represents
substrate concentration, Vmax represents maximal velocity and Km represents the Michaelis-
Menten constant. Intrinsic clearance (CLint - mL/mg protein/minute) was calculated as the
ratio Vmax/Km. The calculated CLint only applies for the selected enzymatic activity and
not for the hepatic clearance, since AFAR enzyme was not purified from liver extracts.
In all cases the kinetic parameters are “apparent”because hepatic extracts and not purified
enzymes were used. Inter-species differences in enzymatic kinetic parameters were determined
by using the Kruskal-Wallis test, while nonparametric multiple comparisons were made by
using the Dwass-Steel-Critchlow-Fligner method, with a significance level of 5 % (p <0.05).
Correlations were estimated by using the Spearman’s rank-order correlation coefficient. All
analyses were performed using the Statistical Analysis System software [198].
6.4. Results
The molecular mass of the chemically-synthetized AFB1 monoalcohol was confirmed by mass
spectrometry, since the peak eluting at tR = 13.92 minutes (Fig 6-2A) had the expected
protonated monoisotopic mass of the compound (349.2 Da; Fig 6-2B). Similarly, the mole-
cular mass of the AFB1 dialcohol was also confirmed, given that the mass of the peak eluting
at tR = 12.29 minutes (Fig 6-3A) corresponded to the expected protonated monoisotopic
mass (351.0 Da; Fig 6-3B).
The enzyme kinetics of AFB1-monoalcohol production (AFB1-dialdehyde reductase activity)
is shown in Fig 6-4. The AFAR enzyme activity does not seem to saturate in any of the
species studied, even at the highest AFB1-dialdehyde concentration tested (66.4 µM; Fig 6-
4A). Further, large differences in biotransformation rates were observed, with Rhode Island
Red chickens and turkey showing the highest rates, quail and duck the lowest, and the
Ross chickens showing an intermediate rate. In regard to the Vmax kinetic parameter, the
Rhode Island Red chickens showed a significantly higher value (10.1 ± 5.52 nmol AFB1
monoalcohol/mg protein/minute), which was about 5 times higher than the values obtained
with other poultry (p <0.0001; Fig 6-4B). No differences in Vmax were found among the Ross
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Figura 6-2.: Identification of AFB1 monoalcohol by HPLC-MS. (A) Chromatogram of the
purified AFB1 monoalcohol product obtained from the reduction of AFB1 dial-
dehyde with NaBH4. The peak at tR=13.92 shows the putative AFB1 mono-
alcohol product. (B) Protonated monoisotopic mass found in the 13.92 min
peak, corresponding to a value of 349.2 Da.
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Figura 6-3.: Identification of AFB1 dialcohol by HPLC-MS. (A) Chromatogram of the pu-
rified AFB1 dialcohol product obtained from the reduction of AFB1 dialdehy-
de with NaBH4. The peak at tR=12.29 shows the putative AFB1 dialcohol
product. (B) Protonated monoisotopic mass found in the 12.29 min peak, co-
rresponding to a value of 351.0 Da.
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chickens, turkey, quail and duck; however, differences for this parameter were found between
sexes for the Ross chickens (1.21 ± 0.38 and 3.06 ± 0.77 nmol AFB1 monoalcohol/mg
protein/minute for females and males, respectively, p = 0.0039) and the turkey (1.75 ±
0.93 and 3.52 ± 1.55 nmol AFB1 monoalcohol/mg protein/minute for females and males,
respectively; p = 0.025). The Km parameter value (Fig 6-4C) was significantly higher (p
<0.0001) in Rhode Island Red chickens (393.5 ± 227.8 µM of AFB1 dialdehyde) compared
with the duck (139.4 ± 176.5 µM), the Ross chicken breed (80.2 ± 46.53 µM), and the turkey
(72.7 ± 45.9 µM); however, it did not differ significantly from the quail (231.0 ± 206.1 µM).
Differences in Km between sexes were found only for the Ross chickens, with values of 42.08
± 23.8 and 118.4 ± 26.4 µM for females and males, respectively (p = 0.0039). The calculated
intrinsic clearance (CLint) for AFB1-monoalcohol production was the highest in the turkey,
and the Ross and Rhode Island Red chickens (0.038 ± 0.008, 0.031 ± 0.011, and 0.026 ±
0.004 mL/mg protein/minute, respectively). Significantly lower CLint values (p <0.0001)
were observed for quail (0.011 ± 0.003 mL/mg protein/minute) and duck (0.019 ± 0.010
mL/mg protein/minute; Fig 6-4D). Only the duck showed differences between sexes (0.02 ±
0.01 and 0.01 ± 0.004 mL/mg protein/minute for female and male, respectively; p = 0.0374).
AFB1-dialcohol enzyme production kinetics is presented in Fig 6-5. In contrast to AFB1-
monoalcohol production activity, AFB1-dialcohol production reached a plateau (enzyme sa-
turation due to substrate concentration) below the highest AFB1 dialdehyde concentration
tested (66.4 µM); however, duck and quail reached the plateau at a lower substrate con-
centration compared with the two strains of chickens and the turkey (Fig 6-5A). A large
difference in Vmax was found between the turkey, and the Ross and Rhode Island Red chic-
kens (0.38 ± 0.17, 0.33 ± 0.18 and 0.30 ± 0.17 nmol AFB1 dialcohol/mg protein/minute,
respectively) and the duck (0.18 ± 0.09 nmol AFB1 dialcohol/mg protein/minute) and quail
(0.11 ± 0.06 nmol AFB1 dialcohol/mg protein/minute) (p <0.0001; Fig 6-5B). Differen-
ces by sex for this parameter were found in Rhode Island Red chickens (0.41 ± 0.17 and
0.20 ± 0.05 nmol AFB1 dialcohol/mg protein/minute for females and males respectively,
p = 0.0374), Ross chickens (0.21 ± 0.06 and 0.46 ± 0.18 nmol AFB1 dialcohol/mg pro-
tein/minute for females and males respectively, p = 0.0104), and turkey (0.23 ± 0.03 and
0.53 ± 0.08 nmol AFB1 dialcohol/mg protein/minute for females and males respectively, p
= 0.0039). Even though there were numerical differences in Km values among the different
poultry species, the differences failed to reach statistical significance (p = 0.4216). Values
of Km were 21.57 ± 14.32 µM for Rhode Island Red chickens, 19.43 ± 11.62 µM for Ross
chickens, 15.63 ± 5.47 µM for ducks, 13.97 ± 6.22 µM for quail, and 12.60 ± 6.12 µM for
turkeys (Fig 6-5C). Only Ross chickens (10.62 ± 4.97 and 28.22 ± 9.33 µM for females and
males, respectively, p = 0.0104) and turkey (7.20 ± 2.10 and 18.02 ± 2.77 µM for females
and males, respectively, p = 0.0039) showed significant differences between sexes. Finally,
the CLint value for AFB1 dialcohol production (Fig 6-5D) was highest for the turkey (0.032
± 0.008 mL/mg protein/minute) followed by Ross and Rhode Island Red chickens (0.020 ±
0.009 and 0.015 ± 0.005 mL/mg protein/minute, respectively), duck (0.012 ± 0.005 mL/mg
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Figura 6-4.: Enzyme kinetic parameters of cytosolic in vitro AFB1 monoalcohol production
from AFB1 dialdehyde. (A) Saturation curve at AFB1 dialdehyde concentra-
tions of 3.4 to 66.4 µM (B) Maximal velocity (Vmax). (C) Michaelis-Menten
constant (Km). (D) Intrinsic Clearance (CLint; Vmax/Km). Species mean va-
lues sharing the same letter do not differ significantly. Statistical differences (p
<0.05) were calculated using the Kruskal-Wallis test and nonparametric mul-
tiple comparisons were done by the Dwass-Steel-Critchlow-Fligner method.
Values are means ± SEM of 12 birds.
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Figura 6-5.: Enzyme kinetic parameters of cytosolic in vitro AFB1 dialcohol production
from AFB1 dialdehyde. (A) Saturation curve at AFB1 dialdehyde concentra-
tions of 3.4 to 66.4 µM (B) Maximal velocity (Vmax). (C) Michaelis-Menten
constant (Km). (D) Intrinsic Clearance (CLint; Vmax/Km). Species mean va-
lues sharing the same letter do not differ significantly. Statistical differences (p
<0.05) were calculated using the Kruskal-Wallis test and nonparametric mul-
tiple comparisons were done by the Dwass-Steel-Critchlow-Fligner method.
No differences were found for Km enzyme activity parameter between poultry
species. Values are means ± SEM of 12 birds.
protein/minute) and quail (0.008 ± 0.002 mL/mg protein/minute) with a p <0.0001. There
were no significant differences between sexes.
When the two enzymatic activities were compared, it was found that AFB1-monoalcohol and
AFB1-dialdehyde reductase activities were significantly correlated (p <0.05) for all poultry
species. Spearman’s rank correlation coefficients for these two activities were 0.87 for Ross
chickens, 0.88 for Rhode Island Red chickens, 0.84 for quail, 0.91 for turkey and 0.78 for duck.
When the data obtained from all species were combined, the Spearman’s rank correlation
coefficient value was 0.86 (Fig 6-6).
Finally, the ratios of CLint for AFB1-monoalcohol production / CLint for AFB1-dialcohol
production and CLint for AFB1-dialcohol production / CLint for AFB1-monoalcohol pro-
duction did not show significant differences among poultry species (p = 0.0846 and 0.0881,
respectively; Table 6-1). However, when the ratios of CLint for AFB1-dhd production /
CLint for AFB1 monoalcohol production and CLint for AFB1-dhd production / CLint for
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Figura 6-6.: Correlation of AFB1 monoalcohol reductase enzyme activity vs AFB1 dial-
dehyde reductase enzyme activity velocities. Cytosolic fractions from 12 birds
were used and concentrations of AFB1 dialdehyde from 3.6 to 66.4 µM. Spear-
man’s rank-order correlation coefficient was calculated for A: Ross chicken
breed (0.87), B: Rhode Island Red Chicken breed (0.88), C: quail (0.84), D:
turkey (0.91), E: duck (0.78) and F: all species (0.86).
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Tabla 6-1.: Comparison of CLint AFB1-dhd enzyme production / CLint AFB1 dial-
cohol enzyme production (dhd/dial), CLint AFB1-dhd enzyme production
/ CLint AFB1 monoalcohol enzyme production (dhd/mono), CLint AFB1
monoalcohol enzyme production / CLint AFB1 dialcohol enzyme produc-
tion (mono/dial) and the inverse (dial/mono) ratios. Among the different
poultry species means were compared by using the Dwass-Steel-Critchlow-
Fligner method. Values are means ± SD of 12 birds. Mean values with the
same superscript do not differ significantly.
Species dhd/dial dhd/mono mono/dial dial/mono
Ross chickens 2.77 ± 1.84a 1.65 ± 0.80a 1.68 ± 0.68a 0.67 ± 0.22a
Rhode Island
Red chickens
7.44 ± 2.37b 4.01 ± 0.79b 1.90 ± 0.65a 0.59 ± 0.21a
Quail 19.92 ± 11.89c 12.99 ± 7.79c 1.59 ± 0.63a 0.70 ± 0.21a
Turkey 3.89 ± 1.91a 3.30 ± 1.55b 1.22 ± 0.30a 0.87 ± 0.23a
Duck 167.80± 105.57d 99.20 ± 62.08d 1.92 ± 1.15a 0.70 ± 0.39a
AFB1 dialcohol production were calculated (based on AFB1-dhd production data from the
same set of samples [45]) significant differences were observed among the different species
evaluated (p <0.0001 ;Table 6-1).
6.5. Discussion
The in vivo sensitivity to AFB1 in poultry species follows the order ducklings >>turkey
poults >goslings >pheasant chicks >quail chicks >chicks [42]. Recent research conducted in
our laboratory has shown that in poultry species the hepatic in vitro AFB1-dhd production is
related to the in vivo sensitivity, and we have hypothesized that AFB1-dhd is the metabolite
responsible for the acute toxic effects of AFB1 [45]. AFB1-dhd can exist in a pH-dependent
equilibrium with AFB1-dialdehyde (pKa value of 8.29) [103] and at a physiological pH of
7.2, AFB1-dialdehyde can adduct lysine residues in proteins, leading to cytotoxicity. AFB1-
dialdehyde can be reduced to AFB1-monoalcohol and AFB1-diacohol by the AFAR enzyme.
In vitro assays have shown that AFAR activity inhibits the formation of adducts with pro-
teins [105], and therefore the alcohols can be considered detoxification products (there is no
evidence that they can form adducts). Further, it has been observed that toxic dialdehydes
like malondialdehyde (MDA) can be oxidized by mitochondrial aldehyde reductase, reducing
its capacity to form adducts with nucleophile compounds like thiobarbituric acid [206]. In the
present study, the Vmax for AFB1 dialdehyde reductase enzyme activity (AFB1-monoalcohol
production) was highest for Rhode Island chickens (a resistant species), while the Km was
the lowest for both resistant (Ross chickens) and susceptible species (turkey and duck). Ho-
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wever, it is important to note that the Km parameter only reflects the enzyme-substrate
complex dissociation constant [134]; in fact, the Km enzyme parameter is a collection of rate
constants and not the binding constant for the interaction between enzyme and substrate,
as it has been misunderstood [201]. Therefore, this parameter only indicates that Ross chic-
kens, turkey and duck AFAR enzymes reach the Vmax at lower concentrations than Rhode
Island Red chickens and quail. In the case of enzyme efficiency, measured as intrinsic clea-
rance (CLint), it was observed that highly resistant species (both chicken breeds) have the
most efficient AFB1-dialdehyde reductase enzyme activities. However, the turkey, which has
an intermediate sensitivity between chickens and ducks, also had a high AFB1-dialdehyde
reductase activity; further, the quail, which is almost as resistant to AFB1 as the chicken,
had an AFB1-dialdehyde reductase activity comparable to that of the duck. These results
suggest that AFB1-dhd detoxification by AFAR is related to poultry species resistance only
in chickens and ducks. It is important to highlight that AFAR enzyme activity cannot be
considered as the only reaction capable of explaining the differences in sensitivity among
different poultry species. For example, glutathione sulfotransferase (GST) enzyme activity
is capable of affecting the production of AFB1 dihydrodiol (and therefore the production
of AFB1 dialdehyde) through AFBO nucleophilic trapping. Therefore, the toxicity of AFB1
should be considered as a multifactorial mechanism in which different metabolic pathways in
AFB1 biotransformation are interconnected, including AFAR activity. Regarding the AFB1-
monoalcohol reductase Vmax value, it was found that it does seem to be associated with
species sensitivity since the chicken breeds had a higher value and the ducks a low value;
however, the turkey is again an exception with a Vmax value similar to those found for the
chicken breeds. Due to the fact that the Km value for this reaction did not differ significantly
among poultry species, the AFB1-monoalcohol reductase CLint values were dependent on
the differences found in Vmax. Therefore, the CLint for AFAR AFB1-monoalcohol reductase
showed differences between tolerant species (chicken breeds and quail) and the duck, but not
for the turkey. Consideration must be given to the fact that AFAR expression and activity
change with age [118] and this is probably the explanation for the higher AFAR activity
found in the turkeys since they were older than 41-days (56 days-old), the age at which they
are at the peak of AFAR activity .
The highly significant correlation found between AFB1-dialdehyde and AFB1-monoalcohol
reductase activities strongly suggests that the same enzyme catalyzes both activities. This
fact explains why the AFB1-dialdehyde reductase activity did not saturate, even at the
highest AFB1-dialdehyde concentration used (66.4 µM of AFB1-dialdehyde), whereas AFB1-
monoalcohol activity saturated completely. As the reduction of AFB1-dialdehyde into AFB1-
monoalcohol moves forward, and the concentration of AFB1-monoalcohol increases, the re-
duction of AFB1-monoalcohol into the dialcohol saturates at lower AFB1-dialdehyde concen-
trations, since both activities are being carried out by the same AFAR enzyme. This scenario
is substantiated by the ratios of CLint for AFB1-monoalcohol production / CLint for AFB1-
dialcohol production, which ranged from 1.22 to 1.92 (Table6-1); these ratios indicate that
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AFB1-monoalcohol production is favored over AFB1-dialcohol production. Concerning the
specific enzyme responsible for these reactions, it is most likely that the AFAR enzyme
aldo-keto reductase AKR7A2 member is the one responsible for these two activities in the
poultry species studied, according to the information provided by the NCBI[29] and the
Kegg pathways[107, 109, 108] databases.
Recent findings have shown that AFB1-dhd is probably the metabolite responsible for the
acute toxic effects of AFB1 since its hepatic in vitro production in related to the known in
vivo sensitivity in poultry [45]. When the ratios of CLint for AFB1-dhd production / CLint
for AFB1-monoalcohol production were compared it was found that AFB1-dhd production
is highly favored over AFB1-monoalcohol production in the most sensitive species (the duck)
compared with the other poultry species. The calculated ratios followed the order duck
>>>quail >Rhode Island Red chickens = Turkey >Ross chickens. The ratios of CLint for
AFB1-dhd production / CLint for AFB1 dialcohol production also followed the same pattern,
suggesting that the cytotoxic effects of AFB1 exposure in ducks are due to the lack of a
detoxification pathway for the large amounts of AFB1-dhd produced by their cytochrome
P450 enzymes. A previous study failed to find an association between AFAR enzyme activity
and animal resistance to AFB1 exposure [215]. This apparent discrepancy could be the
result of using the inappropriate model to determine Vmax and Km (the Lineweaver-Burk
linearization method) since it is widely accepted that a nonlinear regression is a more accurate
and precise method to estimate these parameters [106, ?].
6.6. Conclusion
The present study provides, for the first-time, experimental evidence for the role of AFAR
activity in the resistance to the acute toxic effects of AFB1-dhd in different poultry species.
AFB1 dialdehyde and AFB1 monoalcohol reductase enzyme activities (probably catalyzed
by the AKR7A2 aldo-keto reductase family member) are higher in resistant species like
the chickens, but also in less resistant like the turkey. Interestingly it was found that the
ratio of CLint for AFB1-dhd production / CLint for AFB1-dialcohol production is more
than a hundred times higher in the duck than in the chicken; this finding suggests that
the duck is unable to cope with the highly unstable metabolite AFB1-dhd, which results
in acute toxic liver damage upon AFB1 exposure. Finally, the correlation analysis between
AFB1-dialdehyde and AFB1-monoalcohol reductase activities shows that some individuals
posses high activity for both enzyme reactions; this fact suggests the possibility of selecting
individuals with high rates of AFAR activity for the genetic selection of resistance, especially
in sensitive species like the duck. The present trial is limited to the use of only one duck breed
(Pekin breed), the number of individuals and the flock source of birds. Therefore, in order to
identify possible tolerant individuals, a larger variety of birds should be assessed to validate
more clearly the population effect across a wider diversity of bird sources. Additionally,
possible interbreed differences should also be considered, since significant histopathological
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differences have been reported in different duck breeds after AFB1 exposure [89].
7. Caṕıtulo 6: Asociación del
metabolismo de la aflatoxina B1 con
la resistencia conocida a consumo de
la AFB1.
7.1. Śıntesis caṕıtulos previos.
En el caṕıtulo uno de este trabajo se presentó la información compilada sobre estudios
relacionados con los efectos adversos del consumo de la aflatoxina B1 (AFB1) en pollos,
pavos, patos y codornices, donde es claro que existen especies resistentes como el pollo, y
sensibles como el pato. Después, en el caṕıtulo dos se presentaron los resultados obtenidos
sobre la biotransformaciónde la AFB1 a AFB1 dihidrodiol (AFB1-dhd). Uno de los objetivos
espećıficos planteados buscaba determinar la posible conjugación del aflatoxicol (AFL) con
UDP-ácido glucurónico (UDP-GA; actividad glucuronosil transferasa) o con adenosina 3’-
fosfato 5’-fosfosulfato (PAPS; actividad sulfotransferasa) en cada especie de ave. Los ensayos
realizados indicaron que no existe algún indicio sobre estas reacciones de conjugación con el
AFL. A pesar de esto, se encontró evidencia de la realción entre la producción de AFB1-dhd
en las especies aviares y la resitencia a los efectos generados por el consumo de la AFB1.
Los resultados mostraron que el pato presenta una producción de AFB1-dhd mucho más alta
que el pollo, el pavo o la codorniz. La eficiencia en la producción de AFB1-dhd se presentó
en el orden pato >>>pavo = codorniz = Rhode Island Red >Ross. Este hallazgo nos lleva
a la conclusión que el AFB1-dhd esta relacionado con los efectos agudos ocasionados por
el consumo de la AFB1 y permitiŕıa eplicar por qué son tan severos los efectos en el pato.
Para el caṕıtulo tres, se obtuvieron los parámetros enzimáticos de la reducción de AFB1 a
AFL y de la oxidación de AFL a AFB1 en cada especie de ave. El efecto neto de las dos
reacciones mostró que la producción de AFL es mayor en especies resistentes como el pollo
y muy baja en especies sensibles como el pato. El cociente AFB1 CLint (producción AFL) /
AFL CLint (producción AFB1) presentó valores en el orden Ross = Rhode Island Red >pavo
>Codorniz >pato. Al parecer, el AFL actúa como un reservorio de la AFB1 que le permite
al ave tener una menor cantidad de AFB1 disponible para ser epoxidada a través de las
enzimas citocromo P450 (CYP). Al evitar la epoxidación de la AFB1, se evita la aducción
del epóxido con el DNA. Posteriormente en el caṕıtulo cuatro se encuentra que el AFBO no se
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conjuga enzimaticamente ni con UDPGA (actividad glucuronosil transferasa) ni con PAPS
(actividad sulfotransferasa). La conjugación con glutatión (GSH) mediada por la enzima
glutatión S -tranferasa (GST), reveló que el pollo es la especie que tiene la mayor eficiencia
(medida por el valor del CLint) en la inactivacíın del AFBO, es decir, es la especie que mayor
cantidad de conjugado AFB1-GSH produce en el tiempo, seguido por la codorniz y por
último el pavo y el pato. Adicionalmente, en el caṕıtulo 5 se estimó la actividad enzimática
aflatoxina B1 aldeh́ıdo reductasa (AFAR), la cual está relacionada con la inactivación de
la aflatoxina B1 dialdeh́ıdo. La AFB1 dialdeh́ıdo se genera por la hidrólisis espontánea de
la AFBO a AFB1-dhd y porterior equilibrio pH dependiente de la AFB1-dhd con la AFB1
dialdeh́ıdo. Solo en el pollo y el pato se encontró una relación entre la resistencia a la AFB1
y actividad AFAR, siendo al eficiencia en la producción de AFB1 monoalcohol (actividad
AFB1 dialdeh́ıdo reductasa) y de AFB1 dialcohol (actividad AFB1 monoalcohol reductasa)
más alta en el pollo que en el pato. De acuerdo a estos resultados, se evidencia que tanto las
actividades de producción de compuestos tóxicos como el AFBO (genotóxico) o la AFB1-dhd
(citotóxico) como las actividades de inactivación de productos de biotransformación de la
AFB1 como el AFBO (actividad GST), la AFB1 dialdeh́ıdo (actividad AFAR) o la reducción
de la AFB1 a AFL, están estrechamente relacionadas con la resistencia al consumo de la AFB1
en las cuatro especies estudiadas. Como se ha discutido en caṕıtulos previos, estas reacciones
no se encuentran aisladas, y cada una es capaz de influenciar las otras ya que hacen parte
de una misma ruta del metabolismo de la AFB1 en las especies aviares. Para cumplir con
el último objetivo propuesto en este trabajo, la asociación del metabolismo de la aflatoxina
B1 con la sensibilidad conocida a la AFB1 en cada especie aviar, se propone integrar los
parámetros enzimáticos obtenidos en cada paso del metabolismo de la toxina, en un modelo
in silico, el cual permita simular en el tiempo, el cambio en la concentración de cada uno
de los productos de biotransformación que se han detectado en las aves de este estudio. Con
esta simulación se busca explicar como están asociados los niveles de biomarcadores como
los aductos de la AFB1 con el DNA o los aductos de la AFB1 con protéınas y la resistencia
a los efectos producidos porel consumo de la AFB1.
En esta última sección se utilizan herramientas bioinformáticas para realizar una simulación
in silico de los parámetros enzimáticos de las reacciones evaluadas en los caṕıtulos anteriores
y aśı dar una aproximación a lo que puede estar ocurriendo in vivo en el hepatocito de
cada ave, teniendo en cuenta por supuesto, los limitantes y vaćıos que aún quedan en el
entendimiento del metabolismo de esta micotoxina en estas especies de aves.
7.2. Introducción a la integración del metabolismo de la
AFB1 en aves de interés comercial.
Desde la aparición de la denominada “enfermedad X”de los pavos en 1960, cuando miles
de pavos murieron en Inglaterra por el consumo de torta de mańı importada de Brasil
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que presentaba una elevada contaminación con aflatoxinas y en especial con aflatoxina B1
(AFB1; [20]), se han logrado grandes avances en el estudio de esta micotoxina y sus efectos
en animales de laboratorio y de producción. Algunos estudios han investigado y encontrado
diferencias entre especies en la tasa de biotransformación de la AFB1 y de sus productos
de biotransformación. Dentro de estos últimos presenta gran relevancia el 8,9-dihidro-8-(S-
glutationil)-9-hidroxiaflatoxina B1 o AFB1-GSH. La producción de AFB1-GSH es catalizada
por la enzima glutatión sulfotransferasa (GST), la cual facilita el atrapamiento nucleof́ılico
de la forma bioactivada de la AFB1, la aflatoxina B1-8,9-epoxido (AFBO) por el glutatión
(GSH; [74]). La importancia de esta reacción se ve reflejada en la neutralización del AFBO, lo
cual evita la producción espontánea de aductos del AFBO con el DNA, más espećıficamente,
aductos con la guanina (AFB1-Gua; [58]). El estudio de estos productos se ha enfocado en
relacionar la resistencia a la AFB1 y los procesos de inactivación de productos tóxicos como
el AFBO, de tal forma que se pueda entender por qué algunas especies presentan mayor
resistencia a la AFB1. Como ejemplo se tiene el caso de roedores como la rata o el ratón
donde existe una fuerte asociación entre la resistencia a la AFB1 y la actividad GST [215, 58].
A pesar de que otras actividades de inactivación en las que se generan conjugados de la AFB1,
como la actividad UDP- ácido glucurónico transferasa (UGT) o actividad sulfotransferasa
(SULT) han sido reportadas en especies sensibles como la trucha arcóıris (Oncorhynchus
mykiss) [126], estas no guardan relación con la alta sensibilidad que presenta esta especie a
los efectos de la AFB1 (DL50 = <1 mg de AFB1/kg de peso corporal). En aves de importancia
comercial como el pollo, existe evidencia de la presencia de la actividad UGT y SULT [91,
205, 13] en extractos de h́ıgado, pero no existen reportes de estas actividades con productos
de biotransformación de la AFB1 como por ejemplo la AFB1 dihidrodiol (AFB1-dhd) o el
aflatoxicol (AFL). En la actualidad se sabe que la AFB1-dhd está relacionada con los efectos
agudos de la toxicidad ocasionada por la AFB1 [45] y que el AFL, forma reducida de la
AFB1, permite a especies altamente resistentes como el pollo evitar la bioactivación de la
AFB1 [152]. En ensayos preliminares realizados durante la presente serie de estudios no se
encontró evidencia que permitiera relacionar la actividad GST o SULT con la producción de
conjugados de la AFB1.
La literatura cient́ıfica es reiterativa en cuanto a la existencia de una sola ruta de biotrans-
formación asociada a la resistencia a la AFB1. Hasta el momento no existe algún tipo de
simulación donde se integren parámetros enzimáticos de cada paso de la ruta del metabolis-
mo de la AFB1. Algunos estudios han presentado modelos integrados de los diferentes pasos
de biotransformación que ocurren en especies animales [73, 44], pero aún no se encuentran
simulaciones in silico donde se integren los parámetros enzimáticos obtenidos para diferentes
pasos del metabolismo, como la producción de AFB1-dhd [45], la reducción de la AFB1 o la
oxidación del AFL [152], la producción de AFB1-GSH [153] o la producción de AFB1 mo-
noalcohol y dialcohol [154]. Con el objetivo de poder comparar el metabolismo de la AFB1
en cada especie aviar utilizada en este trabajo, se buscó realizar una simulación in silico del
conjunto de reacciones evaluadas previamente en este trabajo y comparar entre especies el
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Figura 7-1.: Modelo del metabolismo de la aflatoxina B1 en aves de corral.
cambio en la concentración de cada producto derivado de la AFB1 en tiempo.
7.3. Materiales y métodos
Para la simulación in silico se utilizó el programa “CellDesigner ”versión 4.4.2 [64, 63]. Para
esto, se realizó un modelo que inclúıa los diferentes pasos en el metabolismo de la AFB1
reportados en las especies aviares (Fig. 7-1). En el programa se ingresaron cada uno de los
metabolitos encontrados e identificados (especies) y los valores de los parámetros enzimáticos
Vmax y KM obtenidos de cada una de las reacciones ajustadas a la cinética de Michaelis-





Debido a que algunas de las reacciones del metabolismo ocurren de manera no enzimática
como la aducción del AFBO con guanina, la hidrólisis espontánea del AFBO en AFB1-dhd,
el rearreglo del AFB1-dhd en AFB1 dialdeh́ıdo y su reacción reversa y la aducción del AFB1
dialdeh́ıdo con lisina (AFB1-Lys) los valores de las tasas de reacción para estas reacciones
son tomados de Guenguerich et al. [76]. La simulación inicia en la fuente (reacción re7, Fig.
7-1), donde se asume una concentración de AFB1 de partida en el plasma sangúıneo de 96
nM. Este valor se toma de la estimación de los niveles encontrados en plasma de gallina luego
de la administración de una dosis única de 2 mg de AFB1 por kg de peso corporal [122].
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La tasa de transporte transmembranal de la AFB1 hacia el interior del hepatocito se estima
del reporte hecho por Müller y Petzinger [141]. De acuerdo con este estudio el transporte de
la AFB1 hacia el citosol se da independiente de transportadores y por difusión simple, con
un valor de la tasa de trasporte transmembranal de 0.6 µM/mg protéına celular/minuto.
Además de este reporte, tambien se encuentra en la literatura los valores de la tasa de
transporte la AFB1 y de su forma conjugada con glutatión (AFB1-GSH) dependiente de
ATP [125] mediado por el transportador MRP1 [36, 124]. Infortunadamente, estas tasas de
transporte se toman desde el citosol, por lo cual la dirección del transporte es de salida
(eflujo). Dentro de la simulación, la especie qúımica re4 hace referencia a la concentración de
la AFB1 que se encuentra en el citosol y que está disponible para ser oxidada a AFBO a través
de las enzimas citocromo P450 (CYP). Debido a que el AFBO es completamente inestable
en soluciones acuosas (t1/2 = <1 segundo) el grupo epóxido sufre hidrólisis espontanea para
producir la aflatoxina B1 dihidrodiol (AFB1-dhd) [103]. De acuerdo con esto, la estimación
de los parámetros enzimáticos de la producción de AFBO se hacen de forma indirecta,
asumiendo los parametros enzimáticos obtenidos para la producción de AFB1-dhd reportados
previamente [129].
De acuerdo con lo postulado por Degen y Neumann [37], los resultados de esta integración del
metabolismo de la AFB1 se presentan de tal manera que se puedan evidenciar las reacciones
que conducen a la formación de productos tóxicos de biotranformación de la AFB1 (reacciones
de activación) como el AFBO o la aflatoxina B1 dialdeh́ıdo, y las reacciones que llevan a
la producción de metabolitos no tóxicos (reacciones de inactivación) como la producción de
AFB1-GSH, aflatoxina B1 monoalcohol o aflatoxina B1 dialcohol. Además, las reacciones se
clasifican en dos grandes grupos de simulaciones con el fin de evidenciar los efectos agudos
(una sola dosis de AFB1 y un tiempo <1440 minutos = 1 d́ıa) y los efectos subagudos (una
dosis de AFB1 cada 720 minutos (12 horas) por 43200 minutos = 30 d́ıas). Para determinar
las posibles diferencias estad́ısticas (p <0,05) en la distribución de las concentraciones de los
productos de biotransformació en el tiempo entre aves, durante una exposición aguda (una
sola dosis y un tiempo <1440 minutos = 1 d́ıa) se utilizó la prueba de Kolmogorov-Smirnov.
Los datos obtenidos de la producción de AFBO, AFB1 dialdéıdo, AFB1 monoalcohol y AFL




V m(k − km)
(7-2)
donde km corresponde a la tasa de eliminación del producto de biotransformación, k es la
tasa de eliminación del sustrato, Cm es la concentración del producto de biotransformación
y Vm es el volúmen en el que se encuentra disuelto el producto de biotransformación. Los
parámetros km y k se ajustaron por regresión no lineal, utilizando un valor de la dosis =
17.329 nmol (17329 µmol) y un volumen Vm = 0.00025 L. También se integró el área bajo
la curva (AUC) para cada caso por la regla del trapezoide, según el tiempo que se presenta
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en cada figura de cada metabolito. Los datos obtenidos de la producción de AFB1-Gua,






donde Cmax representa la concentración máxima que se alcanza del producto de biotransfor-
mación, r es la tasa de producción del metabolito e i es el tiempo en el cual se alcanza la
mitad del valor de Cmax.
Para las condiciones subagudas, la comparación de la pendiente de las regresiones que se
presentan para la producción de AFB1-Gua, AFB1-GSH, AFB1 dialcohol y AFB1-Lys se
realizó por un análisis de covarianza (ANCOVA). Las pruebas estad́ısticas se llevaron a cabo
en el programa estad́ıstico SAS [198] con un nivel de significancia p <0,05.
Tabla 7-1.: Valores de parámetros enzimáticos Vmax y Km para las reacciones estudiadas
en las especies de aves de corral.SD= desviación estándar









AFB1 →AFB1-dhd 23,0 7,8 131,8 26,2
AFB1 →AFL 2,3 0,9 2,7 0,7
AFL →AFB1 60,8 22,8 11,8 2,6
AFB1 dialdeh́ıdo
→AFB1 monoalcohol
8,6 4,5 80,2 46,5
AFB1 dialdeh́ıdo
→AFB1 dialcohol
1,3 0,7 19,4 11,6
AFB1 →AFB1-GSH 0,005 0,001 65,6 14,4
Rhode Island Red
AFB1 →AFB1-dhd 44,8 5,9 112,5 33,4
AFB1 →AFL 2,2 0,72 2,9 0,6
AFL →AFB1 56,9 13,9 11,6 2,3
AFB1 dialdeh́ıdo
→AFB1 monoalcohol
40,2 22,0 393,2 227,0
AFB1 dialdeh́ıdo
→AFB1 dialcohol
1,2 0,66 21,6 14,4
AFB1 →AFB1-GSH 0,0056 0,0005 47,4 7,1
Continúa en la siguiente página
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Tabla 7-1 – Continuación
Codorniz
AFB1 →AFB1-dhd 38,3 12,3 77,8 22,1
AFB1 →AFL 2,0 1,1 5,6 2,5
AFL →AFB1 92,8 31,6 29,8 6,8
AFB1 dialdeh́ıdo
→AFB1 monoalcohol
9,3 6,8 231,4 208,1
AFB1 dialdeh́ıdo
→AFB1 dialcohol
0,4 0,2 13,9 6,1
AFB1 →AFB1-GSH 0,003 0,001 92,6 25,2
Pavo
AFB1 →AFB1-dhd 23,4 8,3 49,3 7,6
AFB1 →AFL 3,7 1,2 13,6 4,5
AFL →AFB1 636,9 281,2 146,8 72,4
AFB1 dialdeh́ıdo →â†’
AFB1 monoalcohol
10,5 6,1 72,8 45,9
AFB1 dialdeh́ıdo
→AFB1 dialcohol
1,5 0,7 12,6 6,1
AFB1 →AFB1-GSH 0,0007 0,0003 87,6 24,5
Pato
AFB1 →AFB1-dhd 22,2 5,3 3,8 1,0
AFB1 →AFL 11,8 3,1 46,8 7,7
AFL →AFB1 762,7 666,5 84,0 16,5
AFB1 dialdeh́ıdo
→AFB1 monoalcohol
7,4 6,3 139,5 177,2
AFB1 dialdeh́ıdo
→AFB1 dialcohol
0,7 0,3 15,6 5,4
AFB1 →AFB1-GSH 0,0013 0,0007 61,1 47,7
7.4. Resultados
7.4.1. Efectos agudos del consumo de la AFB1
Producción de AFBO (reacción de activación), producción de aductos AFB1-Guanina
(genotoxicidad) y producción de AFB1-GSH (reacción de inactivación)
La Figura 7-2A se presenta el cambio en la concentración (pM) de la AFBO (actividad
AFB1 epoxidasa). En los 5 primeros minutos se observa la aparición de un pico de
producción de AFBO que disminuye paulatinamente hasta llegar prácticamente a cero
en todas las especies luego de 20 minutos. Se puede observar que el pico mas alto se
presenta en el pato, con unvalor de 840 pM, mientras el pico más bajo se encuentra en
la estirpe Ross, con un máximo de 210 pM (4 veces menos que el pato). La aducción
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Figura 7-2.: Cambio en la concentración (pM) de AFBO, AFB1-Gua y AFB1-GSH para
una dosis única durante un periodo de 20 minutos y una concentración de
AFB1 en plasma de 96 nM. (A). Producción de AFBO. (B). Producción del
aducto AFB1-Gua. (C). Producción del conjugado AFB1-GSH. La producción
de AFB1-Gua y AFB1-GSH presentaron diferencias significativas entre espe-
cies (p<0,05) utilizando la prueba de Kolmogorov-Smirnov. Los parámetros
enzimáticos se determinaron de un total de 12 aves (6 machos y 6 hembras)
por especie.
de la AFBO con el DNA (producción de aductos de guanina:AFB1-Gua) se presenta
en la Figura 7-2B. La producción del aducto alcanza un máximo de 2,1 pM en el pato,
mientras la estirpe Ross de pollos es la que menor producción de aductos presenta con
un máximo de 0.46 pM (4.5 veces menos que el pato). Respecto a la producción de
AFB1-GSH (Fig. 7-2C) se observa que a los 20 minutos de simulación la producción
del conjugado es mayor en la raza Rhode Island Red con un valor máximo de 0,27
pM, mientras en el pato la producción de conjugados llega a un valor máximo de
0,048 pM (35,6 veces menos que el pollo) y en el pavo a un valor de 0,018 pM (15
veces menor que el pollo). Solo la producción de AFB1-GSH y AFB1-Gua presentó
diferencias significativas (p <0,05) entre especies aviares. En las tablas 7-2 y 7-3 se
presentan los parámetros obtenidos del ajuste, por regresión no lineal, de los datos
arrojados por la simulación. .
Producción de AFB1 dialdeh́ıdo (rearreglo de la AFB1-dhd; reacción de activación) y
producción de aductos con lisina (AFB1-lys; citotoxicidad)
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Tabla 7-2.: Parámetros del modelo de un compartimiento con una cinética de
primer orden a partir de los datos provenientes de la producción de
AFBO
Especie aviar km (pM/minuto) k (pM/minuto) AUC
(pmol*minuto/L)




Codorniz 0.2122 25540 2236
Pavo 0.213 25482 2238
Pato 0.5959 26828 1887
Tabla 7-3.: Parámetros del modelo de regresión loǵıstica calculados por regresión
no lineal a partir de los datos provenientes de la producción de AFB1-
Gua y AFB1-GSH
Metabolito Especie aviar Cmax (pM) r (pM/minuto) i (minutos)
AFB1-Gua




Codorniz 0.9845 1.0843 2.7387
Pavo 0.9934 1.0944 2.7374
Pato 2.1047 2.9218 0.9366
AFB1-GSH




Codorniz 0.0825 0.6934 3.5168
Pavo 0.018 0.7007 3.5022
Pato 0.0481 1.3004 1.5692
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Figura 7-3.: Cambio en la concentración (nM) de la AFB1 dialdeh́ıdo y cambio en la con-
centración (pM) del aducto AFB1-Lys en el tiempo (minutos) para una dosis
única durante un periodo de 400 minutos y una concentración de AFB1 en
plasma de 96 nM. (A). Producción de AFB1 dialdeh́ıdo. (B). Producción del
aducto AFB1-Lys. La producción de AFB1-Lys presentó diferencias significati-
vas entre especies (p <0,05) utilizando la prueba de Kolmogorov-Smirnov. Los
parámetros enzimáticos se determinaron de un total de 12 aves (6 machos y 6
hembras) por especie.
En la Figura 7-3A se presenta el cambio en la concentración (pM) de la AFB1 dial-
deh́ıdo (rearreglo dependiente del pH del AFB1-dhd) y en la figura 7-3B la producción
de aductos con lisina (AFB1-Lys). Aproximadamente a los 30 minutos se presenta un
pico de producción de AFB1 dialdeh́ıdo en todas las especies que desciende a menos
de 2 nM luego de 400 minutos. La codorniz y el pato son las especies que producen
mayor cantiad de AFB1 dialdeh́ıdo (12 nM) mientras mientras el pavo y las razas de
pollo Ross y Rhode Island la menor cantidad (5,1, 6,0 y 6,5 pM, respectivamente).
En relación con la producción de AFB1-Lys, la concentración del aducto llega a un
máximo constante alrededor de los 400 minutos de simulación para todas las especies.
Las especies que más producen el aducto son la codorniz y el pato con valores de
3,1 y 1,9 pM respectivamente. La especie que menos produce aductos es el pavo, con
un valor de 0,33 pM. Solo se encontraron diferencias significativas para al producción
de AFB1-Lys. En las tablas 7-4 y 7-5 se presentan los parámetros, obtenidos de la
simulación, ajustados por regresión no lineal.
Producción de AFB1 monoalcohol y AFB1 dialcohol (reacciones de inactivación).
En la Figura 7-4A se presenta la producción de AFB1 monoalcohol y en la Figura
7-4B la producción de AFB1 dialcohol. La producción de AFB1 monoalcohol alcanza
un pico entre los 28 y 86 minutos mientras la producción de AFB1 dialcohol encuentra
un tope hacia los 1440 minutos, en todas las especies. Las concentraciones de AFB1
monoalcohol y AFB1 dialcohol son similares entre especies para cada metabolito, con
valores que oscilan entre 5,4 - 12 nM y 89 - 90 nM, respectivamente. La producción de
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Tabla 7-4.: Parámetros del modelo de un compartimiento con una cinética de
primer orden a partir de los datos provenientes de la producción de
AFB1 diadeh́ıdo
Especie aviar km (nM/minuto) k (nM/minuto) AUC
(nmol*minuto/L)




Codorniz 0.00549 32.472 1821
Pavo 0.00875 122.229 534
Pato 0.00672 44.524 1395
Tabla 7-5.: Parámetros del modelo de regresión loǵıstica calculados
por regresión no lineal a partir de los datos provenientes
de la producción de AFB1-Lys
Especie aviar Cmax (pM) r (pM/minuto) i (minutos)




Codorniz 2.9651 0.0362 70.5097
Pavo 0.3215 0.05 45.7718
Pato 1.8662 0.0396 59.9044
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Figura 7-4.: Cambio en la concentración (nM) de AFB1 monoalcohol y AFB1 dialcohol en
el tiempo (minutos) para una dosis única durante un periodo de 1400 minutos
y una concentración de AFB1 en plasma de 96 nM. (A) Producción de AFB1
monoalcohol. (B) Producción de AFB1 dialcohol. No se encontraron diferencias
significativas entre especies (p<0,05) para ambas actividades enzimáticas. Los
parámetros enzimáticos se determinaron de un total de 12 aves (6 machos y 6
hembras) por especie.
AFB1 monoalcohol o AFB1 dialcohol no presentó diferencias significativas (p <0,05).
En las tablas 7-6 y 7-7 se presentan los parámetros del ajuste de los datos por regresión
no lineal.
Producción enzimática neta de AFL.
En la Figura 7-5 se presenta el cambio en la concentración de AFL (nM), la cual refleja
la producción enzimática neta de AFL (suma de las actividades AFB1 reductasa y AFL
oxidoreductasa). La producción de AFL en todas las especies presenta un pico entre 1
y 3 minutos, para llegar a un valor <1 nM entre 10 y 20 minutos. El pico mas alto lo
presenta la estirpe Ross con un valor máximo de 8,2 nM, mientras el pato presenta el
pico más bajo con un valor de 0,18 nM (45 veces menos que el pollo). Se encontraron
diferencias significativas (p <0,05) en la producción de AFL entre todas las especies.
En la tabla 7-8 se presenta los parámetros del ajuste de los datos por regresión no
lineal.
7.4.2. Efectos subagudos (30 d́ıas) del consumo de la AFB1.
Producción de AFBO (reacción de activación), de aductos AFBO-Gua; (genotoxicidad)
y de AFB1-GSH (reacción de inactivación).
La simulación de la concentración de AFBO bajo condiciones subagudas muestra un
comportamiento oscilante que llega hasta un tope máximo después de 10 d́ıas en todas
las especies aviares. La especie aviar con el nivel más alto correspondió a la raza Ross,
con un valor de 2,0 x 10-7 pM, mientras la codorniz presenta el nivel más bajo con un
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Tabla 7-6.: Parámetros del modelo de un compartimiento con una cinética de
primer orden a partir de los datos provenientes de la producción de
AFB1 monoalcohol
Especie aviar km (nM/minuto) k (nM/minuto) AUC
(nmol*minuto/L)




Codorniz 0.00401 21.980 2942
Pavo 0.00954 94.048 742
Pato 0.00532 33.415 1989
Tabla 7-7.: Parámetros del modelo de regresión loǵıstica calculados
por regresión no lineal a partir de los datos provenientes
de la producción de AFB1 dialcohol
Especie aviar Cmax (nM) r (nM/minuto) i (minutos)




Codorniz 84.1959 0.0103 188.7
Pavo 85.8962 0.0117 126.7
Pato 84.7994 0.0109 162.3
Tabla 7-8.: Parámetros del modelo de regresión loǵıstica calculados por regresión
no lineal a partir de los datos provenientes de la producción de AFL
Especie aviar km (nM/minuto) k (nM/minuto) AUC
(nmol*minuto/L)




Codorniz 0.1878 2547.593 22.3108
Pavo 0.1962 4559.589 12.4694
Pato 0.5922 1.27E+05 0.3997
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Figura 7-5.: Cambio en la concentración (nM) de AFL en el tiempo (minutos) para una
dosis única durante un periodo de 20 minutos y una concentración de AFB1
en plasma de 96 nM. Se encontraron diferencias significativas entre especies (p
<0,05). Los parámetros enzimáticos se determinaron de un total de 12 aves (6
machos y 6 hembras) por especie.
valor de 8,6 x 10-20 pM. En la Figura 7-6A se presenta la producción de AFB1-Gua y
en la Figura 7-6B la producción de AFB1-GSH durante un periodo de 30 d́ıas para el
consumo de AFB1 cada 12 horas. En todos los casos se puede apreciar que la producción
de ambos productos de biotranformación es lineal en el tiempo. Para poder comparar el
incremento en la concentración de estos productos de biotransformación entre especies
se determinaron los valores de la pendiente, la cual refleja la tasa de cambio de la
concentración de cada compuesto por d́ıa. La tasa de producción de AFB1-Gua para la
raza Ross tiene un valor de 0,936 pM/d́ıa, para la raza Rhode Island Red un valor de
1,7 pM/d́ıa, para la codorniz tiene un valor de 1,9 pM/d́ıa, para el pavo de 2,0 pM/d́ıa
y para el pato de 4,0 pM/d́ıa. La comparación de las pendientes presentó diferencias
significativas (p <0,05) entre especies, excepto entre la codorniz y el pavo. La tasa
de producción de AFB1-GSH para la raza Ross tiene un valor de 0,35 pM/d́ıa, para
la raza Rhode Island Red un valor de 0,54 pM/d́ıa, para la codorniz tiene un valor
de 0,17 pM/d́ıa, para el pavo de 0,036 pM/d́ıa y para el pato de 0,097 pM/d́ıa. La
comparación de las pendientes presentó diferencias significativas (p <0,05) para todas
las especies aviares.
Producción de aductos con lisina (AFB1-Lys; citotoxicidad)
La simulación de la concentración de AFB1 dialdeh́ıdo muestra un comportamiento
oscilante, llegando hasta un tope máximo en menos de 24 horas. El nivel más alto lo
presenta la codorniz, con un valor de 5,9 nM, mientras el pavo presenta el nivel más
bajo con un valor de 1,3 nM. Respecto a la producción del aducto AFB1-Lys (Fig.
7-7) es claro que en todos los casos la concentración presenta una relación lineal con
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Figura 7-6.: Cambio en la concentración (pM) del aducto AFB1-Gua y el conjugado AFB1-
GSH para diferentes dosis de AFB1 a intervalos de 720 minutos (12 horas)
durante 30 d́ıas y una concentración de AFB1 en plasma de 96 nM. (A) Pro-
ducción del aducto AFB1-Gua. (B) Producción del conjugado AFB1-GSH. La
comparación de las pendientes presentó diferencias significativas (p <0,05) en-
tre las diferentes especies para la producción de AFB1-Gua, excepto entre la
codorniz y el pavo, por medio de un análisis de covarianza (ANCOVA). Para el
caso de la producción de AFB1-GSH se encontraron diferencias significativas
para todas las especies aviares sin excepción. Los parámetros enzimáticos se
determinaron de un total de 12 aves (6 machos y 6 hembras) por especie.
el tiempo. La tasa de producción de AFB1-Lys para la raza Ross tiene un valor de 1,5
pM/d́ıa, para la raza Rhode Island Red un valor de 1,7 pM/d́ıa, para la codorniz tiene
un valor de 9,1 pM/d́ıa, para el pavo de 0,92 pM/d́ıa y para el pato de 5,6 pM/d́ıa.
Para todos los casos la diferencia entre pendientes es significativa (p <0,05), excepto
para las dos estirpes de pollo.
Producción de AFB1 monoalcohol y AFB1 dialcohol (reacción de inactivación).
La simulación de la producción de AFB1 monoalcohol muestra también un comporta-
miento oscilante para todas las especies de aves, que llega a un valor máximo luego de
12 horas. El nivel más alto lo presenta la codorniz con un valor de 11 nM, mientras el
nivel más bajo se encuentra en el pavo con un valor de 1,7 nM. Solo en el caso de la
AFB1 dialcohol se presenta una relación lineal de la concentración con el tiempo. No
se observaron diferencias en los valores de la pendiente, la cual fue de 0,19 µM/d́ıa en
todos los casos.
Producción de AFL (reacción de inactivación).
El modelo matemático de producción de AFL se presenta en la Figura 7-8 La con-
centración del AFL oscila hasta alcanzar un máximo que se hace constante entre las
12 horas (raza Ross) y los 20 d́ıas (codorniz o raza Rhode Island Red. El nivel más
alto en la producción de AFL se presenta en la raza Ross, con un valor de 8,1 x 10-6
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Figura 7-7.: Modelo matemático del cambio en la concentración (pM) del aducto AFB1-Lys
para diferentes dosis de AFB1 a intervalos de 720 minutos (12 horas) durante
30 d́ıas y una concentración de AFB1 en plasma de 96 nM. La comparación
de las pendientes presentó diferencias significativas (p <0,05) entre especies,
excepto para las dos estirpes de pollo, por medio de un análisis de covarianza
(ANCOVA). Los parámetros enzimáticos se determinaron de un total de 12
aves (6 machos y 6 hembras) por especie.
pM, mientras el nivel más bajo se encuentra en el pato con un valor de 3,3 x 10-17 pM.
En contraste, la producción de AFBO en la raza Ross presenta un valor tope de 2,0
x 10-7 µM, mientras en el pato este valor es de 1,6 x 10-16 pM. Calculando el cociente
AFL/AFBO, en la raza Ross se obtiene un valor de 40,5, es decir, la concentración de
AFL es 40 veces mayor que la de AFBO. En el pato, este cociente presenta un valor
de 0,2, es decir, las concentraciones de AFBO son mayores que las de AFL. En la raza
Rhode Island Red, en codorniz y en pavo se encontró un valor para este cociente de
18,4, 11,3 y 5,8 respectivamente.
7.5. Discusión y conclusiones
Las rutas de biotransformación simuladas en el presente estudio in silico buscan predecir la
forma en que las especies aviares detoxifican la AFB1 ante una sola dosis de la toxina en
24 horas (efectos agudos) o dosis repetidas en un periodo de 30 d́ıas (efectos subagudos).
En primera instancia es importante resaltar que la simulación no necesariamente refleja los
efectos de la DL50 en las especies aviares (Capitulo 1), ya que los efectos del consumo de AFB1
se están evaluando solamente en tejido hepático. Los datos obtenidos en este estudio están
restringidos a la información de la cinética enzimática de las células de h́ıgado y no refleja
los efectos producidos en otros tejidos. También hay que considerar que la concentración
plasmática de AFB1 (96 nM), obtenida del consumo de una dosis de 2 mg/kg peso corporal
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Figura 7-8.: Modelo matemático del cambio en la concentración (µM) de AFBO y del AFL
en el tiempo (d́ıas) para diferentes dosis de AFB1 a intervalos de 720 minutos
(12 horas) durante 30 d́ıas y una concentración de AFB1 en plasma de 96 nM.
Los parámetros enzimáticos se determinaron de un total de 12 aves (6 machos
y 6 hembras) por especie.
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en pollos es una estimación tomada de la literatura cient́ıfica disponible. La dosis utilizada
en estos pollos resultaŕıa letal para el pato y posiblemente para pavos. Estudios previos han
determinado que la administración de una dosis de apenas 41 µg AFB1/kg de peso corporal a
patos Peḱın durante seis meses ocasiona el desarrollo de células hepáticas anómalas y tumores
hepáticos [123]. En ensayos con paticos de un d́ıa de edad, a los cuales se administró una
dosis de 200 µg/kg de AF durante 60 d́ıas o una dosis de 100 g/kg de AF durante 28 d́ıas, se
encontró que los animales desarrollaban carcinoma hepático y daños severos en el h́ıgado tales
como inflamación, amiloidosis y proliferación de los conductos biliares, signos que se hacen
más severos por la presencia del virus de la hepatitis B [33, 216]. Según este contexto, se
esperaŕıa que la simulación con una concentración plasmática de AFB1 de 96 nM permitiera
determinar diferencias contrastantes entre el metabolismo del pato (especie que desarrolla
hepatocarcinoma) y especies resistentes como el pollo.
La simulación del consumo de una sola dosis de AFB1 (condición aguda) permitió evidenciar
que la tasa de eliminació del AFBO en el pato presentó un valor más del doble (km=0.5959
pM/minuto) respecto a las otras especies aviares. El valor de k (26828 pM/minuto) en el
pato también es el más alto y el valor del AUC (1887 pmol*minuto/L) el más bajo. Este
resultado sugiere que el pato, a diferencia de las otras especies, biotransforma la AFB1 más
rápidamente a AFBO y que el AFBO debe aductarse con DNA, cojugarse con GSH y/o
hidrolizarse a AFB1-dhd de manera más eficiente que en las demás especies. A pesar que el
valor del AUC es el menor de las aves, se observa en la figura 7-2 que el incremento en la
concentración de AFBO es más rápido, haciendo que exista en un lapso de tiempo menor
una mayor concentración de AFBO que pueda aductarse con el DNA. Hay que recordar
que el tiempo de vida media del AFBO es <1 segundo, lo que implica que al encontarse
concentrado en un lapso de tiempo corto, es mayor la probabilidad de generar aductos.
Al revisar la tasa de aducción con DNA (tabla 7-3) el pato presenta el valor más alto de
r (2.9218 pM/minuto), con una concentració máxima de aductos con guanina mayor que
las otras especies (Cmax=2.1047 pM), alcanzando este valor en un menor tiempo (valor
i=0.9366 minutos). En conjunto, estos parámetros nos indican que el pato biotransforma
muy eficientemente la AFB1 a AFBO y que este a su ves se aducta muy rápidamente al
DNA. A pesar que la tasa de conjugación con GSH en el pato es la más alta de las aves
estudiadas (1.3004 pM/minuto), la cantidad máxima de conjugado formado es la menor
(Cmax=0.0481 pM), indicando que la actividad glutatión S -tranferasa puede ser la más alta,
pero se satura a muy bajas concentraciones del sustrato, lo que no le pertime tener gran
capacidad de conjugación. En la literatura cient́ıfica no se ha documentado el desarrollo de
tumores debido al consumo de una sola dosis de AFB1, lo que indicaŕıa que la cantidad de
aductos necesarios para el desarrollo de tumores hepáticos debe sobrepasar el orden de pM de
aductos AFB1-Gua. Por otra parte, especies resistentes como el pollo presentan una mayor
capacidad de inactivación del AFBO producido, ya que presentan los valores más altos de
Cm para el conjugado AFB1-GSH (0.2636 y 0.1595 pM; Tabla 7-3). Una mayor inactivación
del AFBO explicaŕıa por que esta especie aviar no presenta los mismos signos que el pato,
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ya que el AFBO que no se aducta al DNA y es inactivado por conjugación, o reducido
a AFL, produciŕıa por hidrólisis una menor cantidad de AFB1-dhd y por consiguiente un
menor desarrollo de efectos citotóxicos. Estos resultados permiten evidenciar la asociación
que existe entre los parámetros obtenidos y la resistencia que se observa in vivo, siendo mayor
en el pollo, seguido de la codorniz, el pavo y por último la especie mas sensible, el pato.
En relación con los efectos citotóxicos, en la tabla 7-4 se observa que la cantidad de AFB1
dialdeh́ıdo producido es mayor en especies como el pato o la codorniz debido a una menor
tasa de eliminación del metabolito, según los valores que se observan para el AUC. Una mayor
producción y menor tasa de eliminación hace que estas especies se encuentren expuestas un
mayor tiempo a este compuesto, lo que se ve reflejado en el número de aductos con lisina
que se producen para estas especies. El valor de Cmax en el pato y la codorniz para la
producción del aducto AFB1-Lys es el más alto entre las especies aviares (1.8262 y 2.9651
pM, respectivamente; Tabla 7-5). El hecho de que las tasas de producción del aducto no
son las más áltas para el pato y la codorniz, sugeriŕıa que las diferencias a nivel nM que
se obervan para los parámetros de produccón de la AFB1 monoalcohol y dialcohol en estas
especies estan relacionados, haciendo que la AFB1 dialdeh́ıdo tenga más oportunidad de
aductarse con la lisina, que de ser reducida por la enzima AFAR, llegando aśı a un valor de
Cmax superior respecto a las otras aves. En el pollo las condiciones son contrastantes, con
valores de eliminación del dialdeh́ıdo más altos (0.00675 y 0.00771 nM/minuto), valores más
bajos en el AUC para la producción del mismo metabolito (714 y 748) y baja producción de
aductos con lisina (0.5379 y 0.6019 pM; tablas 7-4 y 7-5). De acuerdo a estos resultados,
se podria inferir que en el pollo, el dialdeh́ıdo remanente se direcciona preferiblemente hacia
la ruta de inactivación a través de la enzima AFAR, con valores mayores del Cmax para el
dialcohol (85.5242 y 85.5352) que a la ruta de aducción con lisina. Se ha reportado que la
AFB1 dialdeh́ıdo inactiva la śıntesis de protéınas, la śıntesis de DNA y las enzimas fase I y II
de biotransformación de xenobióticos[177, 100]. Aśı, la mayor producción de AFB1 dialdeh́ıdo
en el pato y la menor inactivación de este produtco de biotransformación explicaŕıa los signos
tan severos que esta especie presenta, mientras especies que generan menos aductos AFB1-
Lys como el pollo, dificilmente presentan signos de intoxicación.
A pesar que no se encontraron diferencias significativas en la distribución de la producción
de AFB1 monoalcohol y AFB1 dialcohol (productos de detoxificación), se puede observar
que el pato y la codorniz, la producción del monoalcohol presenta los valores de la AUC más
altos (2942 y 1989 nmol*minuto/L, respectivamente), debido a la baja tasa de eliminación
de este metabolito (0.00532 y 0.00401, respectivamente). Debido a que la enzima AFAR es
la que lleva a cabo la reducción de la AFB1 dialdeh́ıdo y la AFB1 monoalcohol, la saturación
de la enzima con monoalcohol reduciŕıa la cantidad de dialdeh́ıdo que se reduce, es decir,
seŕıa menor la cantidad del dialdeh́ıdo que seŕıa inactivado. Esto se confirma al comparar
los valores de Cmax para la producción del dialcohol en el pollo contra el pato o la codorniz,
siendo más altos en el pollo. Por último, el hecho de que todas las espeices aviares lleguen
a un valor máximo similar en la roducción de AFB1 dialcohol sugiere que la AFB1 que ha
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sido biotransformada se elimina en forma de dialcohol del organismo del animal. En ratas
se ha podido detectar la presencia de dialcohol en orina [102] lo cual daŕıa sustento a esta
hipótesis. Para terminar con los efectos agudos simulados, la producción de AFL presentada
en la Figura 7-5 permite postular que podŕıa existir una asociación entre este metabolito y
la producción de AFBO. La prueba de Kolmogorov-Smirnov permitió determinar que existen
diferencias significativas, donde la cantidad de AFL producida es mucho menor en el pato
que en las otras especies (AUC=0.3997 nmol*minuto/L). Es interesante resaltar que el pato
presenta la tasa de eliminación de AFL más alta (km=0.5922), tan alta que el valor del AUC
es completamente inferior respecto al pollo, que presenta los valores del AUC más altos
(81.9253 y 37.7775 nmol*minuto/L). El contraste en la tasa de eliminación del AFL entre
el pollo y el pato confirma que el papel del AFL en las especies resistentes como el pollo es
evitar la epoxidación del AFL [153]. La baja tasa de eliminación del AFBO en el pollo estaria
relacionada a una alta tasa de conjugación con GSH, a una baja tasa de eliminación del AFL
y la poca producción de aductos con DNA. Por el contrario, el pato presenta signos severos
de intoxicación aguda debido a la alta tasa de eliminación del AFBO que se evidencia en
una gran producción de aductos con guanina, pero no en la producción de AFL o conjugado
con glutatión. En estudios previos llevados a cabo por nuestro grupo de investigación se
encontró que existe relación entre la producción de AFL y la resistencia a los efectos del
consumo de AFB1 en pollo y se postuló que el AFL actuaŕıa como un reservorio para evitar
la producción de AFBO por acción de enzimas CYP [152]. Con esta simulación se observa
que no solamente la alta producción de AFL respecto al AFBO se limita al pollo, sino que
también se presenta en especies con sensibilidad intermedia como la codorniz o el pavo.
La simulación en un lapso de 30 d́ıas (efectos subagudos) permitió evidenciar que la produc-
ción de aductos AFB1-Gua y de AFB1-GSH tiene un comportamiento lineal en el tiempo.
La tasa de producción de aductos (pM aductos/d́ıa) en el pato es 4,3 veces mayor que en
pollos Ross. Debido a que la producción de aductos con el DNA es linear en el tiempo, la
magnitud del daño causado por el AFBO al DNA es acumulable. Si el sistema de reparación
del DNA en el pato no puede remediar el daño debido a su magnitud, la extensión del daño
sobrecarga el sistema de reparación, por lo cual se generan mutaciones que pueden llevar al
desarrollo de carcinomas. Esta evidencia permitiŕıa explicar por qué, dentro de las especies
de corral, el pato es la única capaz de desarrollar carcinomas. En rata o trucha (especies
sensibles ) se ha estimado que el riesgo de desarrollar hepatocarcinoma por el consumo de
AFB1 es del 50 % cuando el número de aductos por número de nucleótidos se encuentra
cercano a los 100 aductos x 108 nucleótidos [14]. Probablemente en el pato la alta tasa de
producción de aductos hace que se rebase el ĺımite de mutaciones por número de nucleótidos,
haciendo al pato más susceptible al desarrollo de hepatocarcinoma que las otras especies de
este estudio. Esta cantidad de aductos se relaciona con la reacción de inactivación del AF-
BO: la producción de AFB1-GSH. La producción de AFB1-GSH es 3,6 veces mayor en los
pollos Ross que en el pato. Esto indicaŕıa que el pato se encuentra desprovisto de un siste-
ma enzimático de inactivación lo suficientemente eficiente para poder neutralizar el AFBO
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producido enzimáticamente.
Otra condición que presentaŕıa un efecto sinérgico con la producción de aductos AFB1-Gua
es la producción de aductos AFB1-Lys. Comparando especies aviares contrastantes como el
pollo y el pato, la tasa de producción de aductos AFB1-Lys (pM/d́ıa) es 3,7 mayor en el
pato. La alta producción de aductos con lisina podŕıa sugerir que los sistemas de reparación
del DNA en pato podŕıan estar siendo afectados por la inactivación de enzimas y protéınas
asociadas a este proceso. Teniendo en cuenta que el tiempo de vida media del AFBO es menor
en varios órdenes de magnitud al de la AFB1-dhd, es muy factible que no sea solamente la
alta producción de AFBO lo que aumenta el número de daños en el DNA sino el daño
generado por la AFB1-dhd (en su forma dialdeh́ıdo) que disminuye la eficacia del sistema de
reparación de DNA.
De manera similar a la simulación de los efectos agudos, la eliminación de la AFB1 dialdeh́ıdo
parece ocurrir como AFB1 dialcohol y tiene una relación lineal en el tiempo. Curiosamente,
para todas las especies la tasa de producción de AFB1 dialcohol es similar, por lo cual
la detección del dialcohol podŕıa convertirse en un potencial biomarcador, que puede ser
detectado en matrices como la orina [102]. Los biomarcadores son metabolitos que permiten
evidenciar el consumo de alimento contaminado con AFB1 [69] y varios de estos han sido
caracterizados, incluyendo el aducto AFB1-N7-Gua (el cual ha sido detectado y cuantificado
en orina) [17], la aflatoxina-ácido mercaptúrico (producto del metabolismo de la AFB1-GSH
que se elimina v́ıa urinaria9 [200] y el aducto AFB1-Lys producido por la aducción de la
AFB1 al residuo de lisina en las protéınas como la albumina sérica [192, 223, 194]. La AFM1
también ha sido estudiada como un potencial biomarcador debido a la relación entre los
niveles de este compuesto en orina y la exposición a la AFB1 [70].
Por otro lado, la producción de AFL se ve fuertemente relacionada no solamente con la
resistencia a la AFB1 sino con la producción de AFBO. El pato es la única especie en la
cual la producción de AFBO supera la de AFL, en por lo menos 4,5 veces, mientras que en
pollos Ross, el nivel de AFL es superior al de AFBO 40,5 veces. Estos resultados sugieren
que, al menos en el pollo, la alta producción de AFL brindaŕıa mayor resistencia a los efectos
debidos al consumo de AFB1, ya que no existe evidencia que el AFL pueda ser epoxidado
enzimáticamente como si lo es la AFB1 [152].
Los resultados presentados sugieren que evolutivamente no ha existido una fuerza que haya
seleccionado individuos resistentes a la AFB1 en especies como el pavo o el pato, lo cual
explicaŕıa su alta sensibilidad [42]. La hidrólisis de grandes cantidades de AFBO conllevan a
una gran producción de AFB1-dhd [45], generando una mayor producción de AFB1 dialdeh́ıdo
y por consiguiente de aductos AFB1-Lys. Probablemente una alta producción de AFB1
dialdeh́ıdo puede estar afectando los procesos de reparación del DNA lo cual, sumado a una
baja producción de AFB1-GSH, explicaŕıa porque esta especie desarrolla hepatocarcinoma.
También es posible que la alta producción de AFBO aumente los niveles de especies reactivas
del ox́ıgeno, los cuales pueden causar daño al DNA [203, 204], y que el AFB1 dialdeh́ıdo,
luego de reaccionar con glutatión [136], disminuya la actividad glutatión sulfotransferasa y
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por consiguiente la inactivación del AFBO.
7.6. Investigaciones futuras
Para lograr una comprensión integral del metabolismo descrito en el presente trabajo, es
indispensable investigar los parámetros asociados al posible transporte transmembranal de
productos de biotransformación de la AFB1 tales como el AFL, la AFB1-dhd, AFB1 mo-
noalcohol, AFB1 dialcohol y AFB1-GSH. Algunos estudios sugieren que la AFB1 puede
ser internalizada en la célula por la intervención de transportadores de la familia de los
transportadores de aniones orgánicos (Organic Anion Transporter-OAT) y de la familia de
transportadores de cationes organicos (Organic Cation Transporter-OCT) [213]; sin embar-
go, probablemente el transporte de la toxina se lleva a cabo por difusión simple a través de
la membrana plasmática [141]. El estudio del transporte transmembranal no solo permitiŕıa
evaluar las tasas de biotransformación dentro del hepatocito, ya que estas dependen de la
concentración citosólica de la AFB1 y de sus productos de biotransformación, sino que tam-
bién permitiŕıa evidenciar si este puede ser un mecanismo de protección al permitir eliminar
la AFB1 de la célula blanco antes de ser biotransformada [82]. Hasta el momento se ha en-
contrado en rata que el consumo de AFB1 induce la expresión del gen MDR-1 (transportador
canalicular de salida) [22] y otros estudios han encontrado que el transporte de la AFB1 y
de su forma conjugada con glutatión AFB1-GSH es mediado por el transportador MRP1
[36, 124, 125].
Debido a que la presente serie de investigaciones fue realizada mediante ensayos in vitro
utilizando como fuente de enzimas extractos crudos de h́ıgado (fracciones microsomal y ci-
tosólica), es necesario realizar más investigaciones que permitan modelar una simulación
completa del metabolismo de la aflatoxina B1. Para este propósito podŕıan utilizarse, por
ejemplo, modelos como los ensayos ex vivo o el uso de cultivos celulares. En tejido hema-
topoietico humano y de ratón se ha podido evaluar la suceptibilidad in vitro y en ratón los
efectos ex vivo del suministro de una dosis de AFB1 [188]. Otro aspecto importante para
investigar es el posible efecto de la AFB1 dialdeh́ıdo sobre la eficiencia del sistema de re-
paración del DNA en aves y la determinación de diferencias en la eficiencia del sistema de
reparación de los aductos AFB1-Gua generados [197]. Ademas de la afectación del sistema de
reparación, la comparación de los patrones de condensación de la cromatina entre especies
también aportaŕıa al descubrimiento de nuevos factores asociados con la sensibilidad entre
especies [38].
Resulta importante resaltar que no se han investigado los procesos de biotransformación de
la AFB1 en el enterocito (lo que se conoce en toxicoloǵıa y farmacoloǵıa como “first pass ef-
fect”). En patos raza Cherry Valley se plantea que los procesos de transporte del clorhidrato
de doxiciclina (un antibiótico) son afectados por el consumo de aflatoxina B1 y su posible
bioactivación en los enterocitos [87]. En enterocitos de rata y humano se ha reportado la
presencia de aductos de la AFB1 con el DNA, especialmente en enterocitos maduros (con ex-
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presión de enzimas CYP3A4)[119]. Ademas de los enterocitos, se ha encontrado también que
componentes de la sangre como los eritrocitos, pueden metabolizar la AFB1 a AFL y vicever-
sa [24]. De esta manera, existen potenciales puntos de biotransformación de la AFB1 además
del h́ıgado, que pueden influir en el metabolismo sistémico de la toxina. Adicionalmente
a los proceso de biotransformación ya descritos en este estudio y en la literarura, aparece
como potencial tópico de investigación la posible glucuronidación y/o sulfoconjugación del
AFB1 dialcohol y monoalcohol. Con microsomas hepáticos humanos se ha observado que el
dibenzo[a,l]pyrene-trans-11,12-diol es conjugado enzimáticamente con el ácido glucurónico
[167]. En el bagre de canal (Ictalurus punctatus) se ha encontrado actividad sulfotransferasa
y glucuronidasa para el benzo[a]pyrene-7,8-dihydrodiol en células intestinales (efecto “first
pass”)[94]. Todos estos aspectos deben ser evaluados utilizando diferentes modelos experi-
mentales que incluyan tanto especies sensibles como resistentes a la AFB1.
A. Anexo: Cuantificación de productos
de biotransformación.
Para la cuantificación de los analitos se realizó en todos los casos una curva de calibración
de 5 puntos como se muestra en la figura A-1, donde se presenta la curva de calibración
para la determinación de la concentración de aflatoxina B1 dihidrodiol (AFB1-dhd) en las
incubaciones hechas in vitro. Se utiliza como estándar externo de calibración la aflatoxina
B2a (AFB2a), ya que, como se mencionó en el documento (caṕıtulo 2), posee las mismas
propiedades espectrales del AFB1-dhd. La cantidad de analito inyectado en columna es de
5.5, 13.6, 27.3, 40.9 y 54.5 fmol, haciendo cada punto por duplicado. Los parámetros del
modelo de regresión (pendiente e intercepto) se determinaron por el método de mı́nimos
cuadrados ordinarios, es decir, no generalizados o ponderados, ajustando los datos obtenidos
al modelo y=mx+b. En la tabla A-1 se presentan los residuales obtenidos para las curvas
de cuantificación de cada producto de biotransformación.
Como se menciona en el subt́ıtulo “condiciones cromatográficas ”en cada caṕıtulo, la cuan-
tificación de los analitos obtenidos en cada una de las reacciones evaluadas se realizó en un
equipo marca Shimadzu, como se describe en el mismo apartado. La separación por HPLC
preparativa de los compuestos sintetizados como el AFB1-dhd, utilizado como sustrato para
la determinación de los parámetros enzimáticos de la enzima AFAR, la AFB1-GSH utili-
zado como estándar externo de cuantificación en la actividad glutatión S -transferasa y la
aflatoxina B1 monoalcohol y aflatoxina B1 dialcohol, utilizados como estándares externos de
cuantificación en la actividad AFAR se utilizó un equipo Agilent según descripción hecha
en el mismo subt́ıtulo. Como el objetivo de la cromatograf́ıa reparativa es separar los pro-
ductos sintetizados, para posteriormente concentrarlos y cuantificarlos por HPLC anaĺıtica,
no se realizaron curvas de calibración en el equipo Agilent. No se realizaron “spikes ”de las
muestras a cuantificar debido a la escaza cantidad de analito disponible para las curvas de
cuantificación y el gran número de incubaciones a evaluar. Por la misma razón no se pudo
determinar el patrón de fragmentación de estos compuestos por espectrometŕıa me masas
en tándem, debido a la escasez de analito para hacer infusiones en este instrumento. En
todos los casos los gradientes desarrollados se diseñaron para separar el compuesto produc-
to de biotransformación del sustrato del cual se biotransforma, por lo cual el producto de
biotransformación se eluye de la columna dentro del gradiente. En todos los casos, la optimi-
zación del método nunca permitió evidenciar otros picos además del sustrato y el producto
de biotransformación, ni por espectrometŕıa de masas ni por fluorescencia, lo cual explica la
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Tabla A-1.: Residuales obtenidos de las regresiones lineales a las cuales se ajusta-
ron los datos de la curva de calibración realizada para cada producto
de biotransformación.






-43.4 -61.8 -11.6 8.3 1.9 -93.2
41.0 44.2 27.8 7.2 0.9 392.3
-1.4 34.4 1.5 -10.6 -0.6 750.5
63.3 69.7 -25.7 -32.4 -5.1 -2269.4
-46.0 -73.1 -68.0 31.9 10.4 1267.8
-49.4 -67.8 8.0 14.3 -2.1 -101.2
28.0 36.2 69.4 -1.8 3.9 383.3
-6.4 4.4 37.6 -4.6 5.4 722.5
79.3 77.7 -40.1 -35.4 -18.1 -2303.4
-65.0 -64.1 1.2 22.9 3.4 1250.8
Figura A-1.: Curva de calibración para la cuantificación de la AFB1-dhd, utilizando la
AFB2a como estándar externo
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limpieza de los cromatogramas, teniendo en cuenta además que tanto por espectrometŕıa de
masas como por fluorescencia se ajustaban o el rango de masas a detectar o las longitudes de
excitación y emisión, respectivamente. También hay que considerar que los componentes de
la mezcla en las incubaciones eran totalmente conocidos y en todos los casos los productos
fluorescentes proveńıan de la aflatoxina B1 o de uno de sus productos de biotransformación
como la AFB1-dhd.
B. Anexo: Cuantificación de protéına
Para la cuantificación de protéına se realizó una curva de calibración de cinco puntos como
se muestra en la figura B-1. Se utilizaron concentraciones de 0.1, 0.25, 0.50, 0.75 y 1.00
mg/mL de BSA (bovine serum albumin), cada punto por duplicado. Las muestras de pro-
téına microsomal se diluyeron 1:20 para su cuantificación, mientras las de protéına citosólica
se diluyeron 1:100. Los parámetros del modelo de regresión (pendiente e intercepto) se de-
terminaron por el método de mı́nimos cuadrados ordinarios, es decir, no generalizados o
ponderados, ajustando los datos al modelo y=mx+b.
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Figura B-1.: Curva de calibración de BSA para la cuantificación de protéına citosólica y
microsomal
C. Anexo: Masas monoisotópicas
protonadas
A traves del programa ACD/ChemSketch (ACD/ChemSketch, version 2020.1.1, Advanced
Chemistry Development, Inc., Toronto, ON, Canada, www.acdlabs.com, 2020) se elaboraron
las estructuras de los analitos cuyas masas se corroboraron por espectrometŕıa de masas.
En la tabla C-1 se presenta la comparación de los valores de masas teóricas y las obtenidas
experimentalmente.
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Tabla C-1.: Masas monoisotópicas protonadas teóricas
(obtenidas en el programa ChemSketch) y
experimentales de los productos obtenidos
por śıntesis de la AFB1-dhd, AFB1-GSH,













AFB1 dialcohol 351.107444 351.0
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colombiana. En: Rev. Fac. Med.Vet. Zoot. LII (2005), p. 156–162
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[23] Céspedes, A.E. ; Diaz, G.J.: Analysis of aflatoxins in poultry and pig feeds and
feedstuffs used in Colombia. En: J. AOAC Int. 80 (1997), p. 1215–1219
[24] Chang, J. Wu K. ; Hsiung, K.: In vitro interconversion of aflatoxin B1 and aflatoxicol
by rat erythrocytes. En: Biochem. Pharmacol. 34 (1985), p. 2566–2569
100 Bibliograf́ıa
[25] Chen, N. Cotter P. ; Applegate, T.J.: Growth, serum biochemistry, complement
activity, and liver gene expression responses of Pekin ducklings to graded levels of
cultured aflatoxin B1. En: Poult. Sci. 93 (2014), p. 2028–2036
[26] Chen, R. Zhang Q. Shafer D. ; Applegate, T.J.: Effects of dietary protein concen-
tration on performance and nutrient digestibility in Pekin ducks during aflatoxicosis.
En: Poult. Sci. 95 (2016), p. 834–841
[27] Cheng, T. Pang V. ; Chen, B.: Effects of aflatoxin and carotenoids on growth per-
formance and immune response in mule ducklings. En: Comp. Biochem. Physiol. Part
C 128 (2001), p. 19–26
[28] Ch’in, J.J. ; Devlin, T.M.: The distribution and intracellular translocation of afla-
toxin B1 in isolated hepatocytes. En: Biochem. Biophys. Res. Commun. 122 (1984),
p. 1 – 8
[29] Coordinators, NCBI R.: Database resources of the National Center for Biotechno-
logy Information. En: Nucleic Acids Res. 46 (2018), p. D8–D13
[30] Council for Agricultural Science and Technology. Mycotoxins: Risk in
plant, animal and human systems. 2003
[31] Croy, R.G. ; Wogan, G.N.: Quantitative comparison of covalent aflatoxin-DNA
adducts formed in rat and mouse livers and kidneys. En: J. Nat. Cancer. Inst. 66
(1981), p. 761–768
[32] Cullen, J.M. ; Newberne, P.M.: Acute hepatotoxicity of aflatoxins. En: The toxico-
logy of aflatoxins. Human health, veterinary, and agricultural significance. San Diego
: Academic Press, 1994
[33] Cullen, P.L. Sherman G.J. Hong X. ; Newbold, J.E.: Hepatic neoplasms in aflatoxin
B1-treated, congenital duck hepatitis B virus-infected, and virus-free Pekin ducks. En:
Cancer Res. 50 (1990), p. 4072–4080
[34] Dai, F.W. ; Roe, R.M: Glutathione S-transferases in the Japanese quail: Tissue
distribution and purification of the liver isozymes. En: J. Biochem. Toxicol. 11 (1996),
p. 85–96
[35] Dalloul, R.A. Zimin A.V. Aslam L. Beal K. ; et al.: Multi-Platform Next-Generation
sequencing of the domestic turkey (Meleagris gallopavo): Genome assembly and analy-
sis. En: PLoS Biol. 8 (2010), p. e1000475.
[36] Deeley, R.G. ; Cole, S.P.C.: Substrate recognition and transport by multidrug
resistant protein 1 (ABCC1). En: FEBS Lett. 580 (2006), p. 1103–1111
Bibliograf́ıa 101
[37] Degen, G.H. ; Neumann, H.G.: Differences in aflatoxin B1-susceptibility of rat and
mouse are correlated with the capability in vitro to inactivate aflatoxin B1- epoxide.
En: Carcinogenesis 2 (1981), p. 299–306
[38] Delcuve, R. Bailey G. ; Davie, J.R.: Gene-specific differences in the aflatoxin B1
adduction of chicken erythrocyte chromatin. En: Cancer Res. 48 (1981), p. 7146–7149
[39] Detroy, R.W. ; Hesseltine, C.W.: Isolation and biological activity of a microbial
conversion product of aflatoxin B1. En: Nature 219 (1968), p. 967
[40] Detroy, R.W. ; Hesseltine, C.W.: Aflatoxicol: Structure of a new transformation
product of aflatoxin B1. En: Can. J. Biochem. 48 (1970), p. 830–832
[41] Diaz, A. ; Botero, L.: Evaluation of the ability of a feed additive to ameliorate the
adverse effects of aflatoxins in turkey poults. En: Br. Poult. Sci 50 (2009b), p. 240–250
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